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SUMMARY 

The r e s u l t s  of  an experimental  paramet r ic  i n v e s t i g a t i o n  of  w h i r l  f l u t -  
ter  are presented f o r  a model c o n s i s t i n g  o f  a windmil l ing p rope l l e r - ro to r ,  or 
l l p rop ro to r ,n  having b lades  w i t h  o f f s e t  f l app ing  h inges  mounted on a r i g i d  pylon 
w i t h  f l e x i b i l i t y  i n  p i t c h  and yaw. The i n v e s t i g a t i o n  was motivated by t h e  need 
t o  e s t a b l i s h  a large data base from which t o  assess the  p r e d i c t a b i l i t y  of w h i r l  
f l u t t e r  f o r  a propro tor  s i n c e  some ques t ion  has  been raised as t o  whether f l u t -  
ter i n  t he  forward wh i r l  mode could be p red ic t ed  w i t h  confidence.  I n  o rde r  t o  
provide t h e  necessary  data base, t h e  parametr ic  s tudy  included v a r i a t i o n s  i n  
the  pylon p i t c h  and yaw s t i f f n e s s e s ,  f l app ing  hinge o f f s e t ,  and b lade  kinematic  
p i t ch - f l ap  (63)  coupl ing over a large range of  advance r a t i o s .  F i f t y  cases of  
forward w h i r l  f l u t t e r  and twenty-six cases of  backward w h i r l  f l u t t e r  are docu- 
mented. The measured w h i r l  f l u t t e r  characteristics, which inc lude  f l u t t e r  
speed,  f l u t t e r  f requency,  d i r e c t i o n  of  pylon w h i r l ,  and pylon yaw-to-pitch 
ampl i tude  r a t i o  and phase a n g l e ,  are shown t o  be i n  good t o  e x c e l l e n t  agreement 
w i t h  p r e d i c t i o n s  from two d i f f e r e n t  l i n e a r  s t a b i l i t y  ana lyses  which employ a 
two-dimensional, quasi-s teady aerodynamic theory  which n e g l e c t s  t h e  effects o f  
t h e  unsteady wake, p i t c h i n g  moment, nonc i r cu la to ry  l i f t ,  and p r o f i l e  drag. On 
t h e  basis of  these r e s u l t s ,  it appears that  propro tor  w h i r l  f l u t t e r ,  both fo r -  
ward and backward, can be p red ic t ed  w i t h  l i n e a r  s t a b i l i t y  ana lyses  by us ing  
s imple ,  two-dimensional, quasi-s teady aerodynamics f o r  t he  blade loading.  

INTRODUCTION 

The phenomenon known as p r o p e l l e r  w h i r l  f l u t t e r  came under i n t e n s e  i n v e s t i -  
g a t i o n  i n  1960 as a r e s u l t  of  t h e  l o s s  of  two Electra aircraft .  Whirl f l u t t e r  
i nvo lves  a se l f - sus t a ined  or d ive rgen t  p recess iona l  motion or lqwhirll l  o f  t he  
p r o p e l l e r  about  its unperturbed p o s i t i o n  and can occur  i n  a f l e x i b l y  mounted 
p r o p e l l e r h a c e l l e  i n s t a l l a t i o n  i n  which t h e  n a c e l l e  degrees o f  freedom a l low 
the  p r o p e l l e r  plane t o  p recess  i n  response t o  t h e  gyroscopic  moments a s s o c i a t e d  
w i t h  the  r o t a t i n g  p r o p e l l e r .  When precess ion  occurs ,  aerodynamic f o r c e s  and 
moments which can be d e s t a b i l i z i n g  on t h e  w h i r l  motion are genera ted  because of 
c y c l i c  angle-of-at tack changes on the blade elements  o f  the  p r o p e l l e r .  Under 
some cond i t ions  t he  p recess ion  is i n  t h e  same d i r e c t i o n  as t h e  p r o p e l l e r  ro t a -  
t i o n  (forward w h i r l ) ,  and under o t h e r  cond i t ions  the  p recess ion  is oppos i t e  
(backward w h i r l ) .  On convent iona l  (nonhinged) t r a c t o r  p r o p e l l e r s ,  i t  has been 
found that the i n s t a b i l i t y  i n v a r i a b l y  occurs  i n  t h e  backward w h i r l  mode. 

During the per iod  i n  which i n t e n s e  i n t e r e s t  w a s  be ing  focused on w h i r l  
f l u t t e r  f o r  convent iona l  propel le r -dr iven  aircraft ,  s e v e r a l  VTOL aircraft which 
employed either a r t i c u l a t e d  r o t o r s  or p r o p e l l e r s  having blades hinged t o  permit  
f l app ing  were i n  research f l i g h t  test programs. These aircraft  employed the 
r o t o r s  or p r o p e l l e r s  f o r  v e r t i c a l  f l i g h t  and t i l t e d  the r o t o r s  o r  p r o p e l l e r s  
forward approximately 90° f o r  forward propuls ion  i n  t h e  manner o f  an  a i r p l a n e .  
Because t h e  r o t o r s  or p r o p e l l e r s  used on these aircraft perform t h e  dua l  func- 



t i o n  o f  a l i f t i n g  r o t o r  and a propuls ive  p r o p e l l e r ,  t h e  dev ices  may be broadly 
referred t o  as p r o p e l l e r - r o t o r s  or lfproprotorslf  f o r  s h o r t .  The terminology 
propro tor  w i l l  be used i n  t h i s  r e p o r t .  Because o f  the  f l app ing  freedom of  the  
blades, the whi r l  modes are affected, and a more complex v a r i e t y  of  wh i r l  f l u t -  
t e r  is p o s s i b l e .  The concerns surrounding the  Electra i n v e s t i g a t i o n s  provided 
the mot iva t ion  t o  s tudy  t h e  manner i n  which t h e  w h i r l  f l u t t e r  characteristics 
o f  p ropro to r s  might be altered by the  f l app ing  freedom of  t he  blades.  Some 
e a r l y  s t u d i e s  which ensued are repor t ed  i n  r e f e r e n c e s  1 t o  5. 

I n  r e fe rence  1 ,  t h e  equat ions  o f  motion f o r  t he  w h i r l  f l u t t e r  a n a l y s i s  o f  
a p ropro to r  having o f f s e t  f l app ing  h inges  were der ived  and employed i n  a sta- 
b i l i t y  a n a l y s i s  o f  a 0.30-meter-diameter model which was used i n  a companion 
experimental  s tudy .  For t h e  case i n  which t h e  blade f l app ing  freedom was 
locked o u t ,  backward w h i r l  w a s  obtained and was i n  agreement w i t h  theory .  For 
t he  f l app ing  case, forward w h i r l  was observed bu t  t h e  predic ted  i n s t a b i l i t y  was 
i n  the  backward mode. Only by modifying the  theo ry  t o  inc lude  a r b i t r a r y  phase 
lags i n  the  blade aerodynamics i n  order  t o  approximate t he  unsteady effects o f  
t h e  wake could a forward mode o f  i n s t a b i l i t y  be predicted.  Reference 2 is an 
a n a l y t i c a l  i n v e s t i g a t i o n  f o r  a specific VTOL aircraft which u t i l i z e d  b lades  w i t h  
o f f s e t  f l a p p i n g  h inges .  Reference 3 presented some experimental  r e s u l t s  f o r  a 
d i f f e r e n t  0.30-meter-diameter model which had p rov i s ion  f o r  two hinge o f f s e t s .  
Backward w h i r l  w a s  observed when t h e  f l app ing  w a s  locked o u t  and f o r  t h e  larger 
of  the  two hinge o f f s e t s .  Forward w h i r l  was observed f o r  t h e  smaller hinge o f f -  
se t .  I n  r e f e r e n c e s  4 and 5 t h e  theory  o f  r e fe rence  1 was employed i n  a w h i r l  
f l u t t e r  a n a l y s i s  of  t h e  model described i n  r e f e r e n c e  3. The theory  c o r r e c t l y  
p red ic t ed  a l l  t he  cases o f  backward w h i r l  f l u t t e r  bu t  w a s  unable  t o  p red ic t  the  
forward w h i r l  which was observed. Even by modifying t h e  aerodynamic theory  t o  
inc lude  a r b i t r a r y  phase lags t o  approximate t he  effects of  the  unsteady wake, 
forward w h i r l  could n o t  be predic ted .  

While these i n v e s t i g a t i o n s  were being conducted, w h i r l  f l u t t e r  i n  a back- 
ward w h i r l  mode was encountered dur ing  a f u l l - s c a l e  wind-tunnel test of t h e  
B e l l  XV-3 conver t ip lane .  The XV-3 had two large diameter, two-bladed p ropro to r s  
which were mounted on t i l t a b l e  pylons attached t o  t h e  t i p s  of t he  wings. The 
XV-3 had a t e e t e r i n g  hub. As t h e  name impl i e s ,  t h e  hub a l lows  f l a p p i n g  o f  t h e  
b l ades ,  but  t he  two blades f l a p  about  t h e  shaft as a u n i t ,  one up, t h e  o t h e r  
down, i n  t he  manner o f  a see-saw. References 6 and 7 summarize t h e  r e s u l t s  o f  
some a n a l y t i c a l  and experimental  e f f o r t s  aimed a t  exp la in ing  and c o r r e c t i n g  t h e  
wh i r l  i n s t a b i l i t y  encountered on the  XV-3. I n  p a r t i c u l a r ,  r e f e rence  6 i n d i c a t e d  
the p o s s i b i l i t y  o f  both forward w h i r l  and backward w h i r l  f o r  t he  XV-3, depending 
on the  va lues  of the  system parameters .  The p o s s i b i l i t y  of  both forward and 
backward w h i r l  f l u t t e r  was a l s o  i n d i c a t e d  i n  r e f e r e n c e  8 which examined the  
i n f l u e n c e  o f  f l a p p i n g  r e s t r a i n t  on s t a b i l i t y  o f  a propro tor  having c e n t r a l l y  
hinged b l ades  by us ing  a l i n e a r  s t a b i l i t y  a n a l y s i s  and employing quasi-s teady 
aerodynamics f o r  the  blade loading.  However, no experimental  r e s u l t s  were shown 
to  s u b s t a n t i a t e  these p r e d i c t i o n s .  

Some more r e c e n t  work directed a t  examining v a r i o u s  a s p e c t s  o f  the  dynamic 
behavior  o f  p ropro to r  systems 5s descr ibed i n  r e f e r e n c e s  9 t o  17. However, 
ei ther because o f  t he  broad n a t u r e  o f  the  s tudy  or a lack of  s u b s t a n t i a t i n g  
data, none of t h e s e  s t u d i e s  were able t o  a l l a y  the  skept ic i sm which had developed 
r ega rd ing  the a b i l i t y  t o  both p r e d i c t  forward wh i r l  f l u t t e r  and correlate thoge 

2 



p r e d i c t i o n s  w i t h  experiment.  With a view toward o b t a i n i n g  t h e  experimental  
da t a  needed f o r  a more realist ic assessment o f  t he  p r e d i c t a b i l i t y  of  p ropro to r  
w h i r l  f l u t t e r ,  a j o i n t  NASA/Grumman i n v e s t i g a t i o n  o f  w h i r l  f l u t t e r  w a s  conducted 
i n  t h e  Langley t r anson ic  dynamics tunne l  by employing an unpowered, 1.52-meter- 
diameter model o f  a three-blade propro tor  w i t h  o f f s e t  f l a p p i n g  h inges  and kine- 
matic p i t ch - f l ap  (63) coupl ing.  
which was r e s t r a i n e d  i n  p i t c h  and yaw by sp r ings .  To provide a large and va r i ed  
da t a  base, a range o f  pylon p i t c h  and yaw s t i f f n e s s e s ,  hinge o f f s e t s ,  and kine- 
matic p i t ch - f l ap  (63) coupl ing  angles were i n v e s t i g a t e d  over  a wide range o f  
windmil l ing advance r a t i o s .  F i f t y  cases of  forward w h i r l  f l u t t e r  and twenty-six 
cases o f  backward w h i r l  f l u t t e r  were c l e a r l y  i d e n t i f i e d .  Two l i n e a r  s t a b i l i t y  
ana lyses  a v a i l a b l e  a t  t h e  time of  t he  experimental  i n v e s t i g a t i o n ,  both employing 
s imple two-dimensional, quasi-s teady aerodynamics f o r  t h e  b lade  loading ,  were 
used i n  a companion w h i r l  f l u t t e r  a n a l y s i s .  Some pre l iminary  r e s u l t s  of  l i m i t e d  
scope p e r t a i n i n g  t o  both t h e  experimental  and a n a l y t i c a l  a s p e c t s  o f  t h i s  inves-  
t i g a t i o n  were previous ly  r epor t ed  i n  r e f e r e n c e s  18 and 19. 
p re sen t  r e p o r t  is twofold: first, t o  provide a complete documentation o f  t he  
experimental  w h i r l  f l u t t e r  r e s u l t s  which were given only  l i m i t e d  t rea tment  i n  
r e f e r e n c e s  18 and 19; second, t o  more f u l l y  s u b s t a n t i a t e  t h e  v a l i d i t y  o f  analy-  
ses which employ simple two-dimensional, quasi-s teady aerodynamics f o r  p red ic t -  
i n g  propro tor  w h i r l  f l u t t e r .  

The propro tor  was mounted on a r ig id  pylon 

The purpose of  t h e  

SYMBOLS 

General  Symbols 

Phys ica l  q u a n t i t i e s  i n  t h i s  r e p o r t  are given i n  both t h e  I n t e r n a t i o n a l  
System o f  Uni t s  (SI) and U . S .  Customary Uni t s .  A l l  measurements and ca lcu la-  
t i o n s  were made i n  U . S .  Customary Units .  

AF pylon yaw-to-pitch ampli tude r a t i o  i n  w h i r l  f l u t t e r  mode 

ln2 nn-l -dn (n  = 1 ,  2 ,  3 ,  4 ,  5) aerodynamic i n t e g r a l s ,  
W An 

n l  

a s e c t i o n - l i f t - c u r v e  s l o p e  per  rad ian  

Bn aerodynamic i n t e g r a l s ,  WTln-l dq ( n  = 1 ,  2 ,  3 )  

C blade chord,  m ( f t )  

D diameter o f  p ropro to r ,  m ( f t )  

e o f f s e t  o f  f l a p p i n g  hinge from s h a f t  c e n t e r  l i n e ,  m ( f t )  

fP ,o , fY,o  measured uncoupled n a t u r a l  f r equenc ie s  of  pylon i n  p i t c h  and yaw 
w i t h  propro tor  nonro ta t ing  and blades locked t o  forward f l a p -  
ping s t o p s ,  Hz 
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CII 

JF 

r 

t 

V 

VF 

W 

63 

3P9 CY 

4 

i d e n t i t y  matrix 

f l u t t e r  advance r a t i o ,  !!! (= 2) 
nD 

blade mass pe r  u n i t  l e n g t h ,  kg/m ( s l u g / f t )  

number of blades 

propro tor  r o t a t i o n a l  speed, Hz 

r a d i u s  o f  blade (measured from c e n t e r  l i n e  o f  r o t a t i o n  t o  
blade t i p ) ,  m ( f t )  

l o c a l  blade r a d i u s  (measured from c e n t e r  l i n e  of  r o t a t i o n ) ,  m ( f t )  

time, sec 

free-stream v e l o c i t y ,  m/sec (ft /sec) 

free-stream v e l o c i t y  a t  f l u t t e r ,  m/sec ( f t /sec)  

blade kinematic  p i t ch - f l ap  coupl ing  angle, deg 

v iscous  damping of pylon r e l a t i v e  t o  c r i t i ca l  damping i n  p i t c h  and 
yaw, r e s p e c t i v e l y  

v iscous  damping r e l a t i v e  t o  c r i t i ca l  damping o f  blade f l a p p i n g  motion 

nondimensional radial  coord ina te ,  r/R 

i n t e g r a t i o n  l i m i t s  f o r  b lade  aerodynamic i n t e g r a l s  

a i r  d e n s i t y ,  kg/m3 ( s l u g / f t 3 )  

pylon yaw-to-pitch phase ang le  i n  wh i r l  f l u t t e r  mode, deg 

propro tor  r o t a t i o n a l  speed,  rad/sec 

frequency o f  pylon w h i r l  a t  f l u t t e r ,  rad/sec 

pylon n a t u r a l  f requencies  i n  p i t c h  and yaw, f p , o  and fy,o, cor rec t ed  

d e r i v a t i v e  wi th  r e s p e c t  t o  time, d / d t  

square  ma t r ix  

t o  ref lect  ze ro  coning, rad/sec 



column matrix 

matrix i n v e r s e  

denotes  forward wh i r l  

denotes  backward wh i r l  

Symbols f o r  Appendix A 

f l app ing  degrees  of  freedom of  propro tor  d i s c  i n  l o n g i t u d i n a l  and 
lateral d i r e c t i o n s ,  rad  ( s e e  f ig .  AI) 

pylon v iscous  damping c o e f f i c i e n t s  i n  p i t c h  and yaw, N-m-sec/rad 
( lb - f t - sec / r ad )  

d i s t a n c e  between p ropro to r  hub and pylon p i t c h  and yaw axes, respec-  
t i v e l y ,  m ( f t )  

d i s t a n c e  between pylon c e n t e r  of mass and pylon p i t c h  and yaw axes, 
r e s p e c t i v e l y  , m C f t 1 

f l app ing  i n e r t i a  o f  b lade ,  r 2 m  d r  , kg-m2 ( s l u g / f  t2) 

IP ,yy YIP, zz  mass moments o f  i n e r t i a  o f  pylon i n  p i t c h  and yaw about  i ts cen- 
ter of  mass, kg-m2 (s lug-f  t2 1 

f l app ing  i n e r t i a  o f  p ropro to r ,  !! IB, kg-m2 ( s l u g - f t 2 )  
2 

hub f l a p p i n g  s p r i n g ,  !! kB, N-m/rad ( l b - f t / r a d )  
2 

pylon s t i f f n e s s e s  i n  p i t c h  and yaw, N-m/rad ( l b - f t / r a d )  

blade f l app ing  s p r i n g ,  N-m/rad ( l b - f t / r a d )  

mass o f  pylon e f f e c t i v e  i n  p i t c h  and yaw, r e s p e c t i v e l y ,  kg ( s l u g s )  

= N [ m d r ,  kg ( s l u g s )  

r m  d r ,  kg-m ( s l u g - f t )  = f  
= NSB, kg-m ( s l u g - f t )  
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I3 

K 

M 

complex eigenvalue 

ang le  o f  b u i l t - i n  coning (precone) ,  r ad  

Lock number, WcR4 
I B  

= 1 f121~, kg-m2/sec2 ( slug-f t2/sec2) 
2 

in f low r a t i o ,  V/OR 

pylon degrees  of  freedom i n  p i t c h  and yaw (see f ig .  Al ) ,  rad 

Symbols f o r  Appendix B 

nondimensional d i s t a n c e  between propro tor  hub and pylon p i t c h  and 
yaw axes ,  r e s p e c t i v e l y ,  i n  propro tor  r a d i i  

= A5 - 2 ~ A 4  + c2A3 

pylon v i scous  damping c o e f f i c i e n t s  i n  p i t c h  and yaw, N-m-sec/rad 
( lb-f  t - sec / rad)  

in f low r a t i o ,  V/QR 

mass moments of  i n e r t i a  of  pylon about  pylon p i t c h  and yaw axes ,  
kg-m2 ( s lug - f t2 )  

- - -  m r 2  d r ,  kg-m2 ( s lug - f t2 )  

4 
m r ( r  - e) d r ,  kg-m2 ( s lug - f t2 )  

2 

m ( r  - el2 d r ,  kg-m2 ( s lug - f t2 )  
= 5 J. 
= e, kg-m2 ( s lug - f t2 )  

= N 1 m d r  + MHUB where MHUB is mass of hub, kg ( s l u g s )  

ql ,q2,q3,q4 degrees  of freedom (see fig. B l )  

6 
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S = N Je m ( r  - e) d r ,  kg-m ( s lug - f t )  
2 

E = e / R  

x complex e igenvalue  

V19V2 uncoupled n a t u r a l  f r equenc ie s  o f  py lon/ ro tor  combination i n  p i t c h  and 
yaw, r e s p e c t i v e l y ,  nondimensionalized by r o t o r  r o t a t i o n a l  speed 

nonro ta t ing ,  uncoupled f l a p p i n g  n a t u r a l  frequency o f  propro tor  d i s c  
nondimensionalized by r o t o r  r o t a t i o n a l  speed 

v3 

T nondimensional t i m e ,  S2t 

P r i m e s  denote d e r i v a t i v e s  wi th  r e s p e c t  t o  T. 

APPARATUS 

Wind Tunnel 

The experimental  i n v e s t i g a t i o n s  were conducted i n  t h e  Langley t r a n s o n i c  
dynamics tunne l  which is a cont inuous  f low,  s i n g l e  r e t u r n ,  v a r i a b l e  p re s su re ,  
s l o t t e d - t h r o a t  t unne l  having a test s e c t i o n  4.87 meters (16 f ee t )  square  wi th  
cropped co rne r s .  The c o n t r o l  room and t e s t  s e c t i o n  walls are provided wi th  
large windows f o r  c l o s e  viewing of t h e  model. Although t h e  runs  were conducted 
i n  a i r  under near  a tmospheric  cond i t ions  a t  free-stream Mach numbers less than 
0.30, the  tunne l  is capable  of  ope ra t ion  a t  s t a g n a t i o n  p res su res  from near  
vacuum t o  s l i g h t l y  above atmospheric  and Mach numbers up t o  1.2.  E i t h e r  a i r  
o r  Freon-I2 can be used as a tes t  medium. 

Mode 1 

The model ( f i g .  1)  employed i n  t h e  w h i r l  f l u t t e r  i n v e s t i g a t i o n  was an  
adap ta t ion  o f  a 1/4.5-scale  i n d u s t r i a l  model o f  a s p e c i f i c  t i l t - p r o p r o t o r  air- 
craft  design ( ref .  17) which incorpora ted  b l ades  w i t h  o f f s e t  f l app ing  h inges  
and kinematic  p i t c h - f l a p  (63) coupl ing  t o  reduce blade f l app ing .  
f l u t t e r  a t  low tunne l  speeds,  t h e  w h i r l  f l u t t e r  model employed a special-purpose 
reduced-s t i f fness  pylon-to-wing-tip r e s t r a i n t  mechanism. The r e s u l t i n g  pylon- 
to-wing f l e x i b i l i t y  was such t h a t  t h e  proprotor /pylon combination w a s  effec- 
t i v e l y  i s o l a t e d  from the  wing and t h e  model suppor t  s t r u c t u r e  so t h a t  t h e  pre- 
dominant freedoms were b lade  f l a p p i n g  and pylon p i t c h i n g  and yawing. The w h i r l  
f l u t t e r  m o d e l  w a s  unpowered ( t h a t  i s ,  windmil l ing)  and incorpora ted  f e a t u r e s  t o  
permit  v a r i a t i o n s  of  selected parameters  t o  provide a wide range of  w h i r l  f l u t -  
ter  conf igu ra t ions .  Parameters  which were a d j u s t a b l e  inc lude  t h e  pylon p i t c h  
and yaw s t i f f n e s s e s ,  hinge o f f s e t ,  and blade kinematic  p i t ch - f l ap  (63) coupl ing.  

To o b t a i n  

The range o f  the  a d j u s t a b l e  parameters  tested r e p r e s e n t s  a broad spectrum 
o f  p r a c t i c a l  va lues .  Pylon p i t c h  and yaw f r equenc ie s ,  nondimensionalized by 
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the propro tor  r o t a t i o n a l  speed, va r i ed  from 0.23 t o  2.04. 
pitch-to-yaw s t i f f n e s s  va r i ed  from 0.25 t o  1.85. Hinge o f f s e t s  o f  0.05R and 
0.13R and kinematic  p i t ch - f l ap  (63) coupl ing  a n g l e s  o f  +6.750, +10.5O, +20°, 
and +30° were tested, al though no t  i n  a l l  p o s s i b l e  combinations.  Emphasis was. 
placed on the conf igu ra t ion  having a hinge o f f s e t  o f  0.05R and a 
because these va lues  were n e a r e s t  t hose  which might be employed i n  p r a c t i c e .  
Values o f  63  
i n t e r f e r e n c e  problems and model des ign  l i m i t a t i o n s .  S t r u c t u r a l  damping of  the  
pylon,  which was n o t  a d j u s t a b l e ,  va r i ed  from 2cp = 0.005 t o  2cp = 0.032 i n  
p i t c h  and from 25y = 0.021 t o  2cy = 0.065 i n  yaw. The inf low r a t i o  a t  f l u t -  
ter V,/flR va r i ed  from 0.34 t o  1.36. 

The r a t i o  o f  pylon 

63  o f  +200 

less than +6.75O could no t  be obta ined  because of mechanical 

Design and cons t ruc t ion . -  The wing s p a r  ( f i g .  2 )  cons i s t ed  of  a hollow 
aluminum beam w i t h  spanwise f l anges  which was attached t o  a steel  plate a t  its 
inboard ( r o o t )  end. Two wing s t r u t s  ex tending  from t h e  t i p  o f  t he  wing s p a r  t o  
the  lower edge o f  the  s teel  plate provided a high l e v e l  o f  wing v e r t i c a l  bend- 
i n g  s t i f f n e s s .  The steel p l a t e  was attached t o  a suppor t  s t r u c t u r e  c o n s i s t i n g  
of  a t r i p o d  arrangement of  t u b u l a r  steel  beams which was bo l t ed  t o  t h e  tunne l  
wall and f l o o r .  A plywood panel  ( f ig .  1 )  pass ing  through t h e  v e r t i c a l  plane o f  
symmetry o f  t h e  model and attached t o  t he  t r i p o d  suppor t  s t r u c t u r e  was employed 
both t o  provide a seal f o r  t he  open backside of  t h e  semi-fuselage and t o  s e r v e  
as a r e f l e c t i o n  plane.  For the  w h i r l  f l u t t e r  i n v e s t i g a t i o n ,  t he  n o n s t r u c t u r a l ,  
segmented aerodynamic panels  which provided t h e  spanwise and chordwise d i s t r i b u -  
t i o n  o f  wing a i r f o i l  contour  were removed ( f ig .  2 ) .  Th i s  arrangement destroyed 
the  wing aerodynamic l i f t  and f u r t h e r  decoupled t h e  pylon motions from t h e  wing. 
For convenience,  however, t h e  f l a p s  (which were n o t  germane t o  t h e  w h i r l  f l u t t e r  
i n v e s t i g a t i o n )  were l e f t  on dur ing  t e s t i n g  of t h e  conf igu ra t ions  having a 
5-percent hinge o f f s e t .  

To o b t a i n  f l u t t e r  a t  low tunne l  speeds,  t h e  pylon was soft-mounted t o  t h e  
wing spar by means of a reduced-s t i f fness  pylon-to-wing-tip r e s t r a i n t  mechanism 
( f ig .  3) which permi t ted  independent v a r i a t i o n s  i n  t h e  pylon p i t c h  and yaw stiff- 
nesses .  The n a t u r a l  f r equenc ie s  of t h e  wing/pylon combination (wi th  t h e  pylon 
locked t o  t he  wing t i p )  i n  t he  fundamental wing beamwise, chordwise,  and to r -  
s i o n a l  modes were 29.6 Hz, 19.7 Hz, and 39.5 Hz, r e s p e c t i v e l y .  With t h e  pylon 
unlocked and soft-mounted t o  t h e  wing, most of t h e  combinations of  pylon p i t c h  
and yaw s t i f f n e s s e s  r e s u l t e d  i n  f requencies  o f  the  propro tor /pylon  combina- 
t i o n  which were w e l l  below 8 Hz and t h u s  w e l l  removed from t h e  lowest  wing fre- 
quencies .  It was v e r i f i e d ,  both exper imenta l ly  and a n a l y t i c a l l y ,  t h a t  even for 
t h e  maximum pylon suppor t  s t i f f n e s s ,  coupl ing between the  proprotor /pylon system 
and the  wing was n e g l i g i b l e .  Thus, t h e  wing was e f f e c t i v e l y  a r i g i d  suppor t  
s t r u c t u r e  f o r  t h e  proprotor /pylon system and the  predominant freedoms were p i tch-  
i n g  and yawing o f  the  pylon and f l app ing  o f  t h e , b l a d e s .  

The pylon suppor t  mechanism ( f i g .  3)  cons i s t ed  o f  a boxl ike  housing which 
contained bea r ings  a l lowing  f o r  freedom i n  p i t c h  and yaw and two p a i r s  o f  s teel  
or aluminum bars o r i e n t e d  t o  provide r e s t r a i n t  i n  p i t c h  and yaw. The arrange-  
ment o f  t h e  bea r ings  was such t h a t  t h e  p i t c h  and yaw axes  were noncoincident .  
(The yaw a x i s  was 0.043 m (0.14 f t )  ahead o f  t h e  p i t c h  a x i s . )  A l l  combinations 
of  the  s teel  and aluminum bars used t o  provide the  pylon p i t c h i n g  and yawing 
r e s t r a i n t s  were shown t o  have l i n e a r  l oad -de f l ec t ion  (and hence s t i f f n e s s )  char- 
acterist ics by load ing  and unloading them i n  a bench tes t .  
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hence damping) 
t h e  yaw s p r i n g  

observed du r ing  the  loading  and unloading was always greater f o r  
than f o r  t h e  p i t c h  sp r ing .  The p i t c h  and yaw s t i f f n e s s e s  were 

independent ly  a d j u s t a b l e  by means o f  a s l ider  which could be moved a long  the  
l eng th  of e i ther  the  p i t c h  or yaw s p r i n g  and locked i n  p o s i t i o n ;  thereby  the  
e f f e c t i v e  l eng th  (and t h u s  s t i f f n e s s )  o f  the s p r i n g  was va r i ed . .  Damping i n  the  
p i t c h  and yaw d i r e c t i o n s  could n o t  be set  o r  va r i ed  independent ly  but  g e n e r a l l y  
va r i ed  w i t h  changes i n  s t i f f n e s s .  

The blades cons i s t ed  o f  a nega t ive ly  tw i s t ed  ( -23O)  aluminum spa r  having 
spanwise d i s t r i b u t e d  beamwise, chordwise,  and t o r s i o n a l  s t i f f n e s s e s  and covered 
wi th  a cont inuous (nonsegmented) balsa wood s k i n  bonded t o  r i b s  attached t o  the 
s p a r  o f  t h e  blade.  Lead weights were bonded t o  t h e  s p a r  t o  o b t a i n  t h e  proper  
weight and balance d i s t r i b u t i o n .  
w a s  achieved by means o f  aluminum s p a r  caps bonded t o  t he  upper and lower sides 
of  t he  blade over  t h e  inboard t h i r d  of  each blade and by s e v e r a l  l a y e r s  o f  boron 
f i l amen t  t a p e  bonded t o  the  upper and lower s u r f a c e s  of  t he  blade from the  r o o t  
t o  about  t h e  80-percent r a d i u s .  
e las t ic  nonro ta t ing  inp lane  frequency o f  about  28 Hz. Since  t h e  maximum r o t o r  
r o t a t i o n a l  speed i n  t he  w h i r l  f l u t t e r  tes ts  was 17 Hz, t h e  minimum blade inp lane  
frequency on a p e r  r e v o l u t i o n  basis was 1.65. The first beamwise c a n t i l e v e r e d  
e las t ic  mode frequency of t h e  b lade  was 18 Hz, and t h e  first c a n t i l e v e r e d  to r -  
s i o n a l  e l a s t i c  mode frequency was 66 Hz. 

The desired l e v e l  of  b lade  inp lane  s t i f f n e s s  

T h i s  modi f ica t ion  r e s u l t e d  i n  a blade first 

A schematic i l l u s t r a t i o n  of  t h e  model hub and c o n t r o l  system geometry 
is shown i n  f i g u r e  4. Each blade is attache.d t o  the  hub assembly by means of  
a steel p in  which forms the  hinge about  which t h e  blade f l a p s .  No f l app ing  
r e s t r a i n t  is employed. The o f f s e t  of  the  f l app ing  hinge is va r i ed  by i n s e r t i n g  
spacers of  d i f f e r e n t  l e n g t h s  between t h e  i n n e r  p a r t  of  t h e  hub which is  attached 
t o  t h e  r o t o r  shaft and the  o u t e r  p a r t  which r e t a i n s  t h e  f l a p p i n g  hinge.  The 
blade p i t c h  change a x i s  is co inc iden t  w i t h  t he  c e n t r o i d a l  a x i s  of t h e  spa r  which 
l i e s  a long  t h e  blade quarter-chord l i n e .  The p i t c h  o f  t h e  b lades  is va r i ed  co l -  
l e c t i v e l y  by means of  a swashplate ahead of t h e  hub which is l inked  t o  t h e  p i t c h  
horns by p i t c h  l i n k s .  

Blade kinematic  p i t c h - f l a p  coupl ing  is  provided by having t h e  p i t c h  l i n k  
at tachment  po in t  on t h e  p i t c h  horn o f f s e t  r a d i a l l y  from the  f l a p p i n g  hinge ( t h e  
d i s t a n c e  d l  i n  f i g .  4 ) .  For a leading-edge p i t c h  horn arrangement,  t h i s  geom- 
e t r y  establishes a v i r t u a l  f l a p p i n g  hinge so t h a t  when the  blade f l a p s  forward, 
t h e  blade p i t c h  decreases. The acute ang le  formed by t h e  l i n e  d e f i n i n g  t h e  
v i r t u a l  f l app ing  a x i s  w i t h  t h e  f l a p p i n g  hinge is  the  p i t ch - f l ap  coupl ing  a n g l e  
63. 
blade f l a p s  forward,  as i n  t h e  p re sen t  s i t u a t i o n .  The 63  ang le  is  va r i ed  m a n -  
u a l l y  by moving t h e  end of the p i t c h  horn inboard ( t o  reduce 
( t o  i n c r e a s e  6 3 ) .  

The model f o r  t h e  13-percent h inge-of fse t  conf igu ra t ion  ( f igs .  5 and 6) 
differed somewhat from that o f  the  5-percent h inge-of fse t  conf igura t ion ,  ( f igs .  1 
and 3 ) .  
t h e  13-percent hinge o f f s e t  could be obtained on ly  by i n c r e a s i n g  the r a d i u s  of 
the propro tor .  This  requirement  n e c e s s i t a t e d  t h e  use  o f  a new r o t a t i n g  swash- 
p l a t e  and p i t c h  l i n k  arrangement,  a larger space r ,  and s e v e r a l  other minor 
changes i n  the c o n t r o l  mechanism. To accommodate the inc reased  blade r a d i u s ,  

T h i s  ang le  is def ined  t o  be p o s i t i v e  i f  t h e  blade p i t c h  dec reases  when the  

63) or outboard 

These d i f f e r e n c e s  were due t o  t h e  fact t h a t  t h e  conf igu ra t ion  having 
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it was necessary  t o  remove t h e  semi-fuselage. The wing f l a p s ,  which were l e f t  
on dur ing  t h e  t e s t i n g  of t h e  5-percent h inge-of fse t  c o n f i g u r a t i o n ,  were a l s o  
removed. 

Phys ica l  p r o p e r t i e s . -  The phys ica l  p r o p e r t i e s  of  t h e  model p ropro to r  and 
pylon for both hinge o f f s e t s  are summarized i n  t a b l e  I. 
p r o p e r t i e s  i n  p i t c h  and yaw f o r  each o f  the hinge o f f s e t s  are d i f f e r e n t  because 
of t h e  noncoincidence of  t h e  pylon p i t c h  and yaw axes .  The r o t a t i n g  swashplate  
and p i t c h  l i n k s  move back and f o r t h  on t h e  pylon as c o l l e c t i v e  p i t c h  is  changed 
b u t  a f f e c t  t h e  pylon i n e r t i a s  about  the  p i t c h  and yaw axes  by less than 1 per- 
cen t .  
ues  given i n  table I. 

The pylon i n e r t i a l  

T h i s  v a r i a t i o n  was neglec ted  i n  t h e  a n a l y s e s  and is  not  reflected i n  V a l -  

The pylon suppor t  s t i f f n e s s e s  i n  p i t c h  and yaw, which were the  parameters 
most va r i ed  i n  the  test  program, were determined by llpluckingll t h e  model i n  
p i t c h  and yaw. P r i o r  t o  each run ,  t h e  b l ades  were pos i t i oned  a g a i n s t ,  and 
secured t o ,  t h e  forward f l a p p i n g  s t o p s  a t  a 13.5O coning a n g l e  and t h e  model 
was plucked first i n  p i t c h  and then  i n  yaw and t h e  subsequent decaying o s c i l l a -  
t i o n  i n  each degree of  freedom recorded on a d i r e c t - w r i t e  o s c i l l o g r a p h .  The 
f r equenc ie s  of  t he  r e s u l t a n t  t r a n s i e n t  t i m e  h i s t o r i e s  were then used i n  combi- 
n a t i o n  w i t h  t h e  known i n e r t i a l  p r o p e r t i e s  of  t h e  model t o  get the  p i t c h  and 
yaw s p r i n g  rates. The damping, as a f r a c t i o n  of  c r i t i ca l ,  was a l s o  obta ined  
from t h e  t r a c e s  of  t h e  decaying o s c i l l a t i o n s  by us ing  t h e  familiar loga r i thmic  
decrement method. Typical  t r a c e s  of decaying o s c i l l a t i o n s  obta ined  by plucking 
are shown i n  f i g u r e  7 .  The plucks were repeated after each run i n  o rde r  t o  
i d e n t i f y  any l a r g e  change or s t r u c t u r a l  d e t e r i o r a t i o n  t h a t  may have occurred 
du r ing  the  run. I n  g e n e r a l ,  only n e g l i g i b l e  changes i n  both frequency and damp- 
ing were i d e n t i f i e d  by t h e s e  comparisons. The measured va lues  of f requency and 
damping shown i n  table I1 r e p r e s e n t  an average of  t he  pre- and post-run va lues .  

Ins t rumenta t ion . -  Blade f l a p p i n g  r e l a t i v e  t o  t h e  hub p lane  was measured on 
one blade by means o f  a s o f t  f l e x u r e  instrumented w i t h  s t r a i n  gages which w a s  
clamped t o  t he  r o o t  of t h e  blade and reached a c r o s s  t h e  f l a p p i n g  hinge.  Blade 
beamwise, chordwise,  and t o r s i o n a l  moments were measured on one b lade  by means 
of s t r a i n  gages which were mounted on t h e  s p a r  of t h e  b lade  a t  t h e  r o o t  and a t  
t h e  midspan p o s i t i o n .  Data measured i n  t h e  r o t a t i n g  system were brought o u t  
through t h e  t ransmiss ion  t o  t h e  f i x e d  system by means of a s l i p - r i n g  assembly. 
Pylon motions i n  p i t c h  and yaw were measured by two acce lerometers  l o c a t e d  on 
the  forward p a r t  of  t h e  pylon and w e l l  removed from t h e  axes  of p i t c h  and yaw. 
One acce lerometer  was o r i e n t e d  t o  sense p i t c h ,  and the  o t h e r  acce lerometer  was 
o r i en ted  t o  sense  yaw. Rotor r o t a t i o n a l  speed was i n d i c a t e d  d i r e c t l y  on a 
tachometer d r iven  by the  s i g n a l  from a magnetic pickup on t h e  model. The a z i -  
muthal p o s i t i o n  of  an a r b i t r a r i l y  s e l e c t e d  r e f e r e n c e  blade w a s  given by t h e  
same pickup which pulsed every 90° of r o t o r  r e v o l u t i o n .  The pu l se  correspond- 
i n g  t o  a s p e c i f i c  azimuth p o s i t i o n  of t h e  r e f e r e n c e  blade was l a r g e r  than  t h e  
o t h e r  three. T h i s  f e a t u r e  was used mainly f o r  dynamically ba lanc ing  t h e  r o t o r .  
Electrical c o n t r o l s  were used t o  vary b lade  c o l l e c t i v e  p i t c h  (and hence r o t o r  
r o t a t i o n a l  speed)  remotely from the  tunne l  c o n t r o l  room. 
on ah osc i l l og raph  and on magnetic tape. A s h o r t  motion p i c t u r e  was taken of  
each f l u t t e r  p o i n t .  

Data were recorded 
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TEST PROCEDURE 

For a given hinge o f f s e t  and p i t ch - f l ap  coupl ing ang le ,  t h e  pylon suppor t  
s t i f f n e s s e s  and damping i n  p i t c h  and yaw were first determined by plucking t h e  
pylon as descr ibed  above. Whirl f l u t t e r  p o i n t s  were then  exper imenta l ly  es tab-  
l i s h e d  i n  t h e  fo l lowing  manner: A prese l ec t ed  windmil l ing r o t o r  r o t a t i o n a l  
speed was set a t  some low tunne l  speed by remotely a d j u s t i n g  t h e  c o l l e c t i v e  
p i t c h  o f  t h e  b lades .  The model was then t r a n s i e n t l y  e x c i t e d  by plucking a l i g h t -  
weight cab le  which was a t t ached  t o  t h e  pylon ( f i g .  3)  and routed  t o  t h e  c o n t r o l  
room. The s t a b i l i t y  o f  t h e  response w a s  observed both v i s u a l l y  and on an o s c i l -  
lograph.  If t h e  model w a s  s table,  t h e  tunne l  speed was inc reased  by a small 
amount, t h e  c o l l e c t i v e  p i t c h  retrimmed t o  produce t h e  same r o t o r  speed,  and t h e  
model aga in  e x c i t e d .  Th i s  procedure w a s  repea ted  u n t i l  a s u s t a i n e d ,  approxi- 
mately cons t an t  ampli tude w h i r l  o s c i l l a t i o n  ( i n d i c a t i n g  n e u t r a l  s t a b i l i t y )  w a s  
observed. The tunne l  cond i t ions  were then  recorded as  t h e  cond i t ions  for  f l u t -  
ter  and a s h o r t  motion p i c t u r e  o f  t h e  w h i r l  i n s t a b i l i t y  taken.  Tunnel speed 
was then  reduced, t h e  r o t o r  speed w a s  set  t o  a new va lue ,  and t h e  procedure 
was repea ted .  By proceeding i n  t h i s  way, s e v e r a l  w h i r l  f l u t t e r  p o i n t s  could 
be obta ined  f o r  a s i n g l e  s e t t i n g  of  t h e  pylon suppor t  s t i f f n e s s e s  but  a t  v a r i -  
ous  va lues  o f  r o t a t i o n a l  speed. 

The exac t  po in t  of  n e u t r a l  s t a b i l i t y  was e s t a b l i s h e d  i n  most cases. I n  
those  cases where n e u t r a l  s t a b i l i t y  w a s  no t  achieved,  t h e  f l u t t e r  po in t  w a s  
e s t a b l i s h e d  from t h e  last  f e w  decaying (or d ive rg ing )  traces by ex t r apo la t ion .  
The cable used t o  e x c i t e  t h e  model was a l s o  used t o  r e s t r a i n  t h e  model i n  those  
i n s t a n c e s  i n  which the  pylon motions were d ivergent .  

DESCRIPTION OF ANALYSES 

Two l i n e a r  s t a b i l i t y  ana lyses  based on two d i f f e r e n t  mathematical  models 
( refs .  1 and 15) were employed i n  t h e  w h i r l  f l u t t e r  a n a l y s i s  o f  t h e  model con- 
f i g u r a t i o n s  tested. Both ana lyses  assume t h a t  t h e  propro tor  has  t h r e e  or more 
b l ades  and is mounted on a r i g i d  pylon which is r e s t r a i n e d  e l a s t i c a l l y  i n  p i t c h  
and yaw by sp r ings .  The p ropro to r  is assumed t o  be windmil l ing (unpowered) i n  
an ax ia l - f low condi t ion  and t o  c o n s i s t  o f  t h r e e  or more r i g i d  b lades  which are 
r e s t r a i n e d  e l a s t i c a l l y  i n  f l app ing  by sp r ings .  The b l ades  are assumed t o  have 
cons t an t  chord and t o  inco rpora t e  kinematic  p i t ch - f l ap  (63) coupl ing .  
i c s  of  t h e  p re sen t  model are taken t o  be expressed i n  terms of  only  fou r  of t h e  
e i g h t  degrees o f  freedom considered i n  r e fe rences  1 and 15: p i t c h  and yaw of  
t h e  pylon and two c y c l i c  f l a p p i n g  modes. To an observer  i n  t h e  nonro ta t ing  sys- 
t e m ,  t h e  two c y c l i c  f l a p p i n g  modes are pa t t e rned  so t h a t  t h e  t i p  pa th  p lane  
appears  t o  be p i t c h i n g  and yawing; t h a t  is, t h e  r o t o r  appears  t o  be f l app ing  
l o n g i t u d i n a l l y  and l a t e r a l l y .  For a propro tor  having t h r e e  o r  more blades and 
ope ra t ing  i n  a x i a l  f low,  t he  use  of  t h e s e  t ip-path-plane coord ina te s  as degrees 
o f  freedom i n  l i e u  o f  the  i n d i v i d u a l  blade f l app ing  coord ina te s  as degrees o f  
freedom is an expedient  which a l lows  f o r  t h e  removal of t h e  p e r i o d i c i t y  from 
t h e  equat ions  o f  motion. The i n t r o d u c t i o n  o f  t h e s e  coord ina te s  amounts t o  a 
coord ina te  t ransformat ion  and is discussed  i n  both r e f e r e n c e s  1 and 15. 

The dynam- 

A two-dimensional, quasi-s teady aerodynamic theo ry  which n e g l e c t s  t h e  
unsteady wake, p i t c h i n g  moment, nonc i r cu la to ry  l i f t ,  and p r o f i l e  drag is 
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employed t o  c a l c u l a t e  the blade aerodynamic loading .  The quasi-s teady l i f t  
is taken t o  be completely determined by the r e s u l t a n t  of  t h e  v e l o c i t y  components 
a c t i n g  t a n g e n t i a l  and perpendicular  t o  t h e  blade chord a t  t h e  quarter-chord o f  
t h e  s e c t i o n .  The f low is assumed t o  be incompressible  and t h e  s e c t i o n - l i f t -  
curve slope t o  be cons t an t  over the l e n g t h  o f  t h e  blade.  

The first a n a l y s i s  which was used t o  p r e d i c t  t h e  w h i r l  f l u t t e r  behavior  
of t h e  model is based on that developed i n  r e fe rence  15 f o r  a gimbaled propro- 
t o r .  
t o  a hub assembly which is connected t o  t he  shaf t  by a gimbal ( u n i v e r s a l  j o i n t )  
housed wi th in  the  hub. The blades o f  a gimbaled p ropro to r  f l a p  about  t he  shaft 
by v i r t u e  o f  the  gimbal mounting arrangement.  S ince  t h e  model tested had an 
o f f s e t  f l a p p i n g  h inge ,  t h e  i n e r t i a l  and aerodynamic r e s t o r i n g  moment effects 
a s s o c i a t e d  w i t h  t he  o f f s e t  h inge  were approximately accounted f o r  i n  t h e  gim- 
baled a n a l y s i s  by determining an equ iva len t  hub s p r i n g  which p rese rves  t h e  
r o t a t i n g  f l app ing  n a t u r a l  frequency o f  the  hinged blade w i t h  aerodynamic f o r c e s  
inc luded .  The equa t ions  of motion used i n  t h e  w h i r l  f l u t t e r  a n a l y s i s  are sum- 
marized i n  appendix A. The second a n a l y s i s  which was app l i ed  t o  t he  model is 
based on the  d e r i v a t i o n  g iven  i n  r e fe rence  1 which was developed e x p l i c i t l y  f o r  
a propro tor  having blades w i t h  o f f s e t  f l a p p i n g  h inges .  The equa t ions  o f  motion 
w i t h  f Q u r  degrees of  freedom a p p r o p r i a t e  t o  t he  p resen t  case are given i n  appen- 
d i x  5 o f  r e fe rence  1 as a special  case o f  t h e  more gene ra l  development. Seve ra l  
a d d i t i o n s  t o  those  equa t ions  are made h e r e i n ,  however, i n  o rde r  t o  make them 
a p p l i c a b l e  t o  the  p resen t  model. These a d d i t i o n s  inc lude  pylon i n e r t i a  and 
damping about  the p i tch  and yaw axes ,  f lap-hinge damping, and a large p i t ch - f l ap  
coupl ing  angle .  The l i m i t s  o f  i n t e g r a t i o n  f o r  the  b lade  aerodynamic i n t e g r a l s  
are a l s o  changed from those  given i n  r e f e r e n c e  1 .  The r e s u l t a n t  equat ions  are 
summarized i n  appendix B. 

A gimbaled p ropro to r  is characterized by blades which are r i g i d l y  attached 

The s t eady- s t a t e  coning angle  of  t he  b lades  dur ing  wind-on ope ra t ion  w i t h  
the r o t o r  i n  a windmil l ing cond i t ion  wag always negat ive  (downwind) bu t  never 
exceeded lo. By use  o f  t he  gimbaled p ropro to r  a n a l y s i s  which accounts  f o r  blade 
b u i l t - i n  coning (precone) ,  it was es t ab l i shed  a n a l y t i c a l l y  t h a t  these small con- 
i n g  ang le s  have a n e g l i g i b l e  effect  on the  p red ic t ed  w h i r l  i n s t a b i l i t y .  Thus, 
f o r  convenience i n  the  adap ta t ion  o f  t h e  theory  o f  r e fe rence  1 (which d i d  no t  
i nc lude  s t eady- s t a t e  coning) t o  the  p resen t  i n v e s t i g a t i o n ,  a l l  t h e  w h i r l  f l u t t e r  
ana lyses  were made by assuming the  steady-state coning t o  be zero .  
eral  ve r s ion  of  t he  gimbaled propro tor  a n a l y s i s  which inc ludes  t h e  wing degrees 
o f  freedom and is described i n  r e fe rence  15 was used t o  a n a l y t i c a l l y  v e r i f y  t h a t  
as a consequence of  t h e  s o f t  pylon mounting arrangement i n  combination w i t h  a 
stiff wing support  s t r u c t u r e ,  the  degrees o f  freedom of the  wing had a n e g l i g i -  
b l e  effect on the  predic ted  w h i r l  f l u t t e r  characterist ics of t h e  model. 

The more gen- 

The s t r u c t u r a l  damping about  the  blade' f l a p p i n g  hinge was not  measured and 
was taken t o  be ze ro  i n  t h e  ana lyses .  This  assumption was judged t o  be reason- 
able because o f  t h e  low f r i c t i o n  a t  t h e  f l app ing  h inges .  S ince  t h e  tunne l  den- 
s i t y  var ied  s l i g h t l y  from run t o  run ,  an average va lue  o f  1.23 kg/m3 (0.00238 
s l u g / f t 3 )  was used i n  t h e  ana lyses .  
be cons tan t  and equal  t o  5.73 f o r  the  a n a l y t i c a l  s t u d i e s .  The blade aerodynamic 
i n t e g r a l s  were eva lua ted  by us ing  a lower l i m i t  of i n t e g r a t i o n  which reflects 
the  fact  t h a t  because of  r o o t  cu tou t ,  t h e  l i f t i n g  p o r t i o n  of t h e  blade begins  
8.6 c m  (3.4 i n . )  outboard o f  the  hinge l o c a t i o n ,  and by us ing  an upper l i m i t  

The blade l i f t - c u r v e  s l o p e  was assumed t o  
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which reflects t h e  assumption t h a t  a t i p  l e n g t h  equa l  t o  one-half o f  t h e  chord 
develops no lift. These cons ide ra t ions  l ead  t o  l i m i t s  of i n t e g r a t i o n  o f  0.16R 
and 0.94R f o r  t h e  5-percent h inge-of fse t  conf igu ra t ions  and l i m i t s  of  0.24R and 
0.94H f o r  t h e  13-percent h inge-of fse t  conf igu ra t ions .  

I n  t h e  computer implementation o f  t h e  a n a l y s e s ,  t h e  measured n a t u r a l  fre- 
quencies  of  t h e  model i n  p i t c h  and yaw, 
t h e  i n p u t  d a t a  and co r rec t ed  t o  reflect  a ze ro  coning condi t ion .  The r e s u l t i n g  
f r equenc ie s ,  i n  nondimensional form, are given by wp/Q and wy/Q i n  t a b l e  111. 
The blade kinematic  p i t ch - f l ap  c o u p l i n g , a n g l e  63 v a r i e s  s l i g h t l y  wi th  changes 
i n  c o l l e c t i v e  p i t c h  by v i r t u e  o f  t h e  vary ing  geometry which d e f i n e s  t h i s  angle .  
These small changes are accounted f o r  i n  t h e  computer programs.. The equ iva len t  
hub s p r i n g  which is employed i n t h e  gimbaled p ropro to r  a n a l y s i s  t o  account f o r  
t h e  effects o f  t h e  o f f s e t  f l a p p i n g  hinge is  a func t ion  o f  t h e  blade phys ica l  
p r o p e r t i e s ,  hinge o f f s e t ,  a i r s p e e d ,  and r o t a t i o n a l  speed. S ince  t h e  f l u t t e r  
p o i n t s  i d e n t i f i e d  wi th  t h e  model r e p r e s e n t . a  large number o f  V , Q  combinations,  
t h e  equ iva len t  hub s p r i n g  was c a l c u l a t e d  i n  t h e  computer program. 

f p , o  and f y , o ,  are read as p a r t  of  

RESULTS AND DISCUSSION 

Comparison o f  Theory and Experiment 

A summary o f  a l l  t h e  model conf igu ra t ions  which exh ib i t ed  a w h i r l  f l u t t e r  
i n s t a b i l i t y  a long  wi th  t h e  p e r t i n e n t  d a t a  d e f i n i n g  each f l u t t e r  cond i t ion  is  
given i n  t a b l e  11. A companion summary p l o t  of  a l l  t h e  experimental  f l u t t e r  
p o i n t s  i d e n t i f i e d  wi th  t h e  model is  given i n  f i g u r e  8 where t h e  d a t a  are p l o t t e d  
as a func t ion  o f  t h e  pylon yaw and pylon p i t c h  uncoupled n a t u r a l  f r equenc ie s  
co r rec t ed  t o  ze ro  coning and nondimensionalized by t h e  r o t o r  r o t a t i o n a l  speed. 
The data are seen t o  be grouped i n t o  t h r e e  d i s t i n c t  r eg ions  emanating from t h e  
o r i g i n :  a c e n t r a l  reg ion  a s s o c i a t e d  wi th  symmetric and n e a r l y  symmetric pylon 
f r equenc ie s ,  and two s i d e  r eg ions  a s soc ia t ed  wi th  nonsymmetric pylon f r equenc ie s  
which have a boundary wi th  t h e  c e n t e r  reg ion  a t  pylon pitch-to-yaw frequency 
r a t i o s  o f  about  0.75 and 1.5.  For conf igu ra t ions  having pylon frequency r a t i o s  
f a l l i n g  i n  t h e s e  nonsymmetric r eg ions ,  f l u t t e r  w a s  always i n  t h e  backward w h i r l  
mode. A l l  t he  cases o f  forward w h i r l  f l u t t e r  f a l l  near  t h e  l i n e  o f  equal  p i t c h  
and yaw f r equenc ie s .  Ten cases o f  backward w h i r l  f l u t t e r  a l s o  f a l l  i n  t h e  cen- 
t ra l  reg ion .  Eight  of  t h e s e  p o i n t s  r e p r e s e n t  a l l  t h e  w h i r l  f l u t t e r  p o i n t s  iden- 
t i f i e d  wi th  t h e  conf igu ra t ion  having a 13-percent hinge o f f s e t .  The o t h e r  two 
p o i n t s  are t h e  two cases o f  backward w h i r l  i d e n t i f i e d  i n  run 48 f o r  a 5-percent 
hinge o f f s e t .  

A summary o f  t h e  a n a l y t i c a l  r e s u l t s  t h a t  correspond t o  t h e  experimental  
r e s u l t s  shown i n  t a b l e  I1 is given  i n  t a b l e  111. 
which is obtained from t h e  s o l u t i o n  o f  t h e  equa t ions  o f  appendix A is  formal ly  
d i f f e r e n t  from t h a t  ob ta ined  from a s o l u t i o n  of  t h e  equa t ions  of  appendix B. 
This  d i f f e r e n c e  is due t o  t h e  d i f f e r e n c e  i n  d e f i n i t i o n  o f  t h e  p o s i t i v e  sense  
for t h e  pylon p i t c h  degree of  freedom. (Compare f igs .  AI and BI.) The phase 
a n g l e s  from t h e  two t h e o r i e s  are r e l a t e d  accord ing  t o  

The f l u t t e r  phase ang le  @F 
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To provide f o r  a direct  comparison o f  these phase a n g l e s ,  t h e  phase a n g l e s  given 
i n  t a b l e  111 f o r  t h e  theory  of r e f e r e n c e  15 have been transformed t o  t he  nota- 
t i o n  of r e fe rence  l by us ing  t h e  preceding r e l a t i o n .  

A run-by-run comparison of  both t h e o r i e s  w i t h  experiment us ing  t h e  informa- 
t i o n  provided i n  tables I1 and I11 is made i n  f i g u r e  9 f o r  t h e  f l u t t e r  speeds 
and i n  f i g u r e  10 for the  a s s o c i a t e d  f l u t t e r  f r equenc ie s .  The f l u t t e r  speeds 
shown are nondimensionalized by t h e  t i p  speed of  t he  r o t o r  t o  g i v e  the  f l u t t e r  
in f low r a t i o  VF/QR. This  r a t i o  is related t o  t h e  f l u t t e r  advance r a t i o  JF 
accord ing  t o  JF = TVF/S~R. The f l u t t e r  f r equenc ie s  are nondimensionalized by 
the  r o t o r  r o t a t i o n a l  speed t o  g ive  the  f r equenc ie s  on a per - revolu t ion  basis. 
Here, and i n  subsequent f i g u r e s ,  t h e  f l u t t e r  r e s u l t s  are given as a func t ion  of  
t he  pylon p i t c h  uncoupled n a t u r a l  frequency c o r r e c t e d  t o  zero  coning and nondi- 
mensionalized by the  r o t o r  r o t a t i o n a l  speed. 
50, and 65, t he  ana lyses  i n d i c a t e d  t h a t  there were two f l u t t e r  boundaries  which 
were c l o s e  t o  the measured f l u t t e r  boundary. Both of  t h e s e  a n a l y t i c a l  bounda- 
ries are shown i n  those  cases. Both t h e o r i e s  are i n  good t o  e x c e l l e n t  agreement 
w i t h  experiment f o r  both f l u t t e r  speed and f l u t t e r  f requency.  The d i r e c t i o n  o f  
pylon w h i r l  a t  f l u t t e r  was es tab l i shed  both v i s u a l l y  dur ing  t h e  test and by 
i n s p e c t i o n  of  the  pylon p i t c h  and yaw traces on the  o s c i l l o g r a p h  r eco rds .  The 
w h i r l  d i r e c t i o n  p red ic t ed  by theory  was i n  every case  i n  agreement w i t h  t h a t  
observed exper imenta l ly .  

For t he  c o n f i g u r a t i o n s  of  r u n s  48, 

F l u t t e r  i n  t h e  backward w h i r l  mode occurred a t  low f r equenc ie s  and i n  what 
might be termed a " r o t o r  mode" s i n c e  t h e  f l u t t e r  f r equenc ie s  were nea r  t hose  of 
t he  low-frequency c y c l i c  f l a p p i n g  mode w i t h  t he  pylon degrees of freedom locked 
o u t .  F l u t t e r  i n  the  forward w h i r l  mode g e n e r a l l y  occurred a t  f r equenc ie s  which 
were h igher  than  those  a s s o c i a t e d  wi th  f l u t t e r  i n  the backward w h i r l  mode and i n  
what might b e  termed a "pylon mode" s i n c e  the f l u t t e r  f r equenc ie s  were nea r  the  
n a t u r a l  f r equenc ie s  of t he  system i n  p i t c h  and yaw wi th  t h e  f l a p p i n g  degree of 
freedom locked o u t .  
tems are d iscussed  i n  r e f e r e n c e s  6 ,  7 ,  and 15. The f l a p p i n g  i n  a pylon mode is 
g e n e r a l l y  l a r g e  r e l a t i v e  t o  the  s h a f t  ( b u t  small r e l a t i v e  t o  space)  whereas the  
f l app ing  is a r o t o r  mode is gene ra l ly  small r e l a t i v e  t o  the  shaf t  ( b u t  large 
r e l a t i v e  t o  space) . Typica l  mode shapes which i l l u s t r a t e  t h i s  f l a p p i n g  behav- 
i o r  f o r  a proprotor /pylon system wi th  f o u r  degrees of freedom and having hinged 
blades are shown i n  r e f e r e n c e s  1 and 4. Both t h e  backward w h i r l  and forward 
wh i r l  i n s t a b i l i t i e s  were accompanied by d ive rgen t  motions i n  s e v e r a l  i n s t a n c e s  
i n  which the  f l u t t e r  speed was i n a d v e r t e n t l y  exceeded. There were a l s o  s e v e r a l  
i n s t a n c e s  i n  which both the  backward and forward w h i r l  i n s t a b i l i t i e s  were pre- 
c i p i t a t e d  merely by inc reas ing  the  tunne l  speed,  no e x t e r n a l  e x c i t a t i o n  v i a  t he  
lightweight plucking cable being r equ i r ed .  

These a s p e c t s  of t he  w h i r l  dynamics of proprotor /pylon sys-  

A comparison o f  t h e  measured pylon yaw-to-pitch ampli tude r a t i o s  and phase 
ang le s  a t  f l u t t e r  w i t h  those  pred ic ted  us ing  t h e  theo ry  of r e f e r e n c e  1 is given 
i n  f i g u r e s  11 and 12. Reading accuracy of  t h e  phase ang le  from t h e  o s c i l l o g r a p h  
records  was about  &lo0. 
they  would be i n  a vacuum) b u t  va r i ed  between about  60° and 120° because phase 
d i f f e r e n c e s  o t h e r  than  90° are induced on the  pylon w h i r l  motion by t h e  aerody- 

The phase a n g l e s  i n  t h e  w h i r l  mode were n o t  90° (as 

.I 

IThe XV-3 i n s t a b i l i t y  was a backward w h i r l  a s s o c i a t e d  with t he  low- 
frequency r o t o r  f l a p p i n g  mode. 
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namic load ing  a c t i n g  on the  b l ades  i f  t he  model pylon is n o t  symmetric i n  the 
p i t c h  and yaw d i r e c t i o n s .  
u s i n g  t h e  theo ry  o f  r e fe rence  15. Thus, i n  a d d i t i o n  t o  c o r r e c t l y  p r e d i c t i n g  
t h e  w h i r l  d i r e c t i o n s ,  t h e  t h e o r i e s  o f  r e f e r e n c e s  1 and 15 a l s o  p red ic t ed  the 
amplitude r a t i o s  and phase a n g l e s  reasonably w e l l .  

Similar comparisons, n o t  shown, were obta ined  by 

Effect o f  Design Parameters 

Some selected composite r e s u l t s  which show the effects o f  p i t ch - f l ap  cou- 
p l i n g ,  hinge o f f s e t ,  and asymmetry of  the pylon suppor t  f r equenc ie s  ( s t i f f n e s s e s )  
on wh i r l  f l u t t e r  s t a b i l i t y  are shown i n  f i g u r e s  13 t o  15. The effect o f  v a r i a -  
t i o n  o f  63 on s t a b i l i t y  is g iven  i n  f i g u r e  13 f o r  a conf igu ra t ion  having nomi- 
n a l l y  symmetric pylon p i t c h  and yaw f r equenc ie s  (wi th in  5 percent  of  each o t h e r )  
and 5-percent hinge o f f s e t .  
in f low r a t i o  (and hence f l u t t e r  speed f o r  a f i x e d  r o t o r  r o t a t i o n a l  speed)  wi th  
i n c r e a s i n g  p o s i t i v e  63. Although only  p o s i t i v e  va lues  of  63  were i n v e s t i -  
gated, r e fe rence  15 has shown t h a t  nega t ive  va lues  o f  
l i z i n g  on w h i r l  f l u t t e r .  F l u t t e r  is  i n  t h e  forward w h i r l  mode except  f o r  the 
two p o i n t s ,  denoted by s o l i d  symbols, which are i n  t h e  backward w h i r l  mode. The 
a n a l y t i c a l  r e s u l t s  shown are based on the  assumption o f  a symmetric pylon fre- 
quency conf igu ra t ion  which is t h e  mean o f  t h e  pylon f r equenc ie s  of  the  data 
p o i n t s  included i n  f i g u r e  13. 
p i t c h  and yaw va lues .  

The r e s u l t s  show a s t r o n g  decrease i n  f l u t t e r  

63 are equa l ly  des t ab i -  

S i m i l a r l y ,  t h e  damping used is t h e  mean of t h e  

The effect  o f  hinge o f f s e t  on s t a b i l i t y  is i l l u s t r a t e d  i n  f i g u r e  14 f o r  
conf igu ra t ions  having nominally symmetric pylon p i t c h  and yaw f r equenc ie s  and 
63 = 20°. Increased  hinge o f f s e t  i s  seen  t o  be s t r o n g l y  s t a b i l i z i n g .  Theore t i -  
cal  r e s u l t s  are a g a i n  based on the  use  o f  mean va lues  f o r  both t h e  pylon suppor t  
f r equenc ie s  and dampings. 

The effect  of  asymmetry i n  t h e  pylon suppor t  f r equenc ie s  is ind ica t ed  i n  
f i g u r e  15 f o r  t h e  conf igu ra t ion  having 5-percent hinge o f f s e t  and 
Again, t h e  symmetric data r e p r e s e n t  nominally symmetric conf igu ra t ions  i n  which 
t h e  pylon f r equenc ie s  are w i t h i n ' 5  percent  of  each o t h e r  whereas t h e  nonsymme- 
t r i c  data inc lude  conf igu ra t ions  which s a t i s f y  t h e  i nd ica t ed  frequency asymme- 
t r ies .  The f l u t t e r  i n f low r a t i o  is  p l o t t e d  a g a i n s t  t h e  nondimensionalized pylon 
p i t c h  n a t u r a l  frequency except  f o r  t h e  cases i n  which WY < up, where the  non- 
dimensional ized yaw frequency is  shown f o r  convenience i n  p l o t t i n g .  The r e s u l t s  
confirm ear l ie r  r e s u l t s  (refs. 9 and 15) t h a t  f o r  h igh ly  unsymmetric configura-  
t i o n s  i n  the  pylon suppor t  f r equenc ie s  (and hence s t i f f n e s s e s ) ,  w h i r l  f l u t t e r  
occurs  i n  the  mode corresponding t o  the  lower pylon frequency ( s t i f f n e s s )  and 
i n c r e a s i n g  the  higher  frequency ( s t i f f n e s s )  does no t  i n c r e a s e  t h e  f l u t t e r  speed. 
F l u t t e r  is  i n  t h e  backward w h i r l  mode f o r  a l l  t h e  asymmetric cond i t ions .  

63 = 20°. 

Analy t i ca l  Damping S t u d i e s  

It w a s  stated earlier t h a t  t he  damping a t  the  f l a p p i n g  h inge  was no t  mea- 
sured  and w a s  taken t o  be ze ro  i n  t he  ana lyses  of t h e  model conf igu ra t ions  which 
e x h i b i t e d  w h i r l  f l u t t e r .  Reference 16 poin ted  o u t  t h a t  i n t e r n a l  damping, t h a t  
is, damping which is e x h i b i t e d  i n  t h e  r o t a t i n g  system, can be d e s t a b i l i z i n g  on 
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proprotor /pylon w h i r l  s t a b i l i t y .  It was also s t a t e d  earlier t h a t  t he  pylon 
damping i n  p i t c h  and yaw was no t  a d j u s t a b l e  and could n o t  be va r i ed  indepen- 
d e n t l y  o f  t h e  p i t c h  and yaw s t i f f n e s s e s .  I n  o rde r  t o  a n a l y t i c a l l y  i d e n t i f y  
t h e  effect of h inge  damping and pylon damping on w h i r l  f l u t t e r  s t a b i l i t y  o f  
the p resen t  model, some a n a l y t i c a l  s t u d i e s  i n  which t h e s e  parameters  were 
va r i ed  were made on t h r e e  o f  t h e  model conf igu ra t ions .  The r e s u l t s  o f  these 
s t u d i e s  are given i n  f i g u r e s  16 t o  21. 

The effects o f  hinge damping and pylon damping on w h i r l  s t a b i l i t y  o f  a 
'symmetric pylon frequency conf igu ra t ion  i n  which i n s t a b i l i t y  occurred i n  t h e  
forward w h i r l  mode are shown i n  f i g u r e s  16 and 17, r e s p e c t i v e l y .  From fig- 
u r e  16, hinge damping is seen t o  reduce the  inf low r a t i o  a t  which the  forward 
w h i r l  mode becomes uns t ab le ,  the reduct ion  becoming more s i g n i f i c a n t  w i t h  
decreas ing  pylon suppor t  frequency. A r educ t ion  i n  pylon damping ( f i g .  17) 
has a moderate d e s t a b i l i z i n g  effect on s t a b i l i t y .  

The effects o f  hinge damping and pylon damping on w h i r l  s t a b i l i t y  o f  an 
unsymmetric conf igu ra t ion  i n  which i n s t a b i l i t y  occurred i n  a backward w h i r l  
mode are shown i n  f i g u r e s  18 and 19, r e s p e c t i v e l y .  Neither hinge damping nor  
pylon damping is seen t o  have any s i g n i f i c a n t  effect on t h e  backward mode o f  
i n s t a b i l i t y  a s s o c i a t e d  wi th  an unsymmetric pylon frequency conf igu ra t ion .  

The effects o f  hinge damping and pylon damping on w h i r l  s t a b i l i t y  of  a 
symmetric frequency conf igu ra t ion  i n  which i n s t a b i l i t y  occurred i n  a backward 
w h i r l  mode are shown i n  f i g u r e s  20 and 21. It is seen t h a t ,  aga in ,  n e i t h e r  
hinge damping nor pylon damping has  any s i g n i f i c a n t  effect  o n . t h e  backward mode 
o f  i n s t a b i l i t y  a s s o c i a t e d  wi th  a symmetric pylon conf igu ra t ion .  

CONCLUSIONS 

Resu l t s  o f  an experimental  parametr ic  i n v e s t i g a t i o n  of  proprotor /pylon 
w h i r l  f l u t t e r  conducted i n  t h e  Langley t r a n s o n i c  dynamics tunne l  are presented  
f o r  a model c o n s i s t i n g  of  a propro tor  having b lades  w i t h  o f f s e t  f l app ing  h inges  
mounted on a r i g i d  pylon w i t h  f l e x i b i l i t y  i n  p i t c h  and yaw. The parametr ic  
s tudy  inc luded  v a r i a t i o n s  i n  t h e  pylon p i t c h  and yaw s t i f f n e s s e s ,  o f f s e t  o f  
t he  f l app ing  h inge ,  and blade kinematic  p i t c h - f l a p  (63) coupl ing  over  a large 
range of  windmil l ing advance r a t i o s .  F i f t y  cases of  forward w h i r l  f l u t t e r  and 
twenty-six cases o f  backward w h i r l  f l u t t e r  are documented. Measured w h i r l  f l u t -  
ter characteristics, which inc lude  f l u t t e r  speed,  f l u t t e r  f requency,  d i r e c t i o n  
o f  pylon w h i r l ,  and pylon yaw-to-pitch ampli tude r a t i o  and phase ang le ,  are 
shown t o  be i n  good agreement wi th  p r e d i c t i o n s  from two d i f f e r e n t  l i n e a r  s t a b i l -  
i t y  ana lyses  which employ two-dimensional, quasi-s teady aerodynamics i n  which 
t h e  effects of t he  unsteady wake, p i t ch ing  moment, nonc i r cu la to ry  l i f t ,  and 
blade p r o f i l e  drag  are neglec ted .  On the  b a s i s  of t h e  r e s u l t s  shown, t h e  f o l -  
lowing conclus ions  are ind ica t ed :  

( 1 )  Propro tor  w h i r l  f l u t t e r ,  both forward and backward, can be predic ted  
w i t h  l i n e a r  s t a b i l i t y  ana lyses  which employ s imple ,  two-dimensional, quasi-  
s t eady  aerodynamics f o r  t h e  blade loading.  

16 



(2) S t a b i l i t y  ana lyses  developed f o r  a gimbaled propro tor  can be a p p l i e d  
t o  p ropro to r s  having b lades  wi th  o f f s e t  f l a p p i n g  h inges  provided t h e  blade 
i n e r t i a l  and aerodynamic terms as soc ia t ed  wi th  t h e  o f f s e t  of  t h e  hinge are 
accounted f o r  through an  equ iva len t  hub s p r i n g  which p rese rves  t h e  r o t a t i n g  
f l app ing  n a t u r a l  frequency o f  t h e  hinged blade wi th  aerodynamic f o r c e s  inc luded .  

Langley Research Center 
Nat iona l  Aeronaut ics  and Space Adminis t ra t ion 
Hampton, VA 23665 
October 12, 1977 
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APPENDIX A 

WHIRL FLUTTER EQUATIONS OF MOTION FOR A GIMBALED PROPROTOR 

The l i n e a r  equat ions  of  motion f o r  the w h i r l  f l u t t e r  a n a l y s i s  of a gimbaled 
propro tor  are given i n  r e f e r e n c e  15 i n  t he  g e n e r a l  ma t r ix  form 

orde r ing  the  fou r  degrees of freedom shown i n  f i g u r e  A 1  i n  t h e  column ma t r ix  
accord ing  t o  

- - 
$2 

the  square  ma t r i ces  appear ing  i n  equat ion  ( A l l  are g iven  by 

2The mat r ix  express ion  given i n  equat ion  (A3) is a s p e c i a l  ca se  of t h e  
more gene ra l  eight-degree-of-freedom express ion  for EM] given i n  r e fe rence  15. 
S i x  of' the precone terms which appear  i n  t h i s  express ion  are i n c o r r e c t  (low by 
a f a c t o r  of 2 ) .  The r e s u l t  given by equat ion  ( A 3 1  reflects t h i s  c o r r e c t i o n .  
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[AD] IC 

[e] = 

[z] = 

CH 

c+Y 

KH QcH 

-QCH KH 

K% 

K+z 

( A 6 1  

19 



[AS] = K 

-B3 tan 63 - A4XBO 

+A5 - @,B2 t a n  63 

APPENDIX A 

-A5 + XB0B2 tan 63 

-B3 tan 63  - WoA4 

XB0B2 tan 63 - A 5  

+ (A/R)Blh1 t a n  63 

-B3 t a n  63  - XB0A4 

- A3h2X/R 

(A81 

To f ac i l i t a t e  comparison of t he  p resen t  equat ions  wi th  t hose  of r e fe rence  15, 
the  no ta t ion  of that r e fe rence  is maintained as much as poss ib l e .  

The v iscous  damping c o e f f i c i e n t s  CH, C 4 y ,  and C4, appearing i n  [E] and 
[E] are evaluated from the  express ions  

(A91 

where Sg, Sp,  and C Y  are t h e  damping r a t i o s  i n  f l a p ,  p i t c h ,  and yaw, respec- 
t i v e l y ,  wp,o = mfp, , ,  wy,o = M f y , o ,  and I p , o  and IY,o are t h e  mass 
moments of i n e r t i a  of  t h e  model i n  p i t c h  and yaw w i t h  t h e  b lades  locked t o  the  
forward f l app ing  s t o p s . ,  The equiva len t  hub s p r i n g  K ~ , e q  is obtained from 
cons ide ra t ions  given i n  appendix C .  

It should be noted t h a t  t h e  hub damping c o e f f i c i e n t  CH appears i n  t h e  
s t i f f n e s s  mat r ix  [K] as w e l l  as i n  t h e  damping mat r ix  [e]. T h i s  is  a conse- 
quence of t he  fact  t h a t  t he  viscous s t r u c t u r a l  damping a s s o c i a t e d  w i t h  t h e  f l a p -  
p ing  motion i s  regarded as being i n  t h e  r o t a t i n g  system and t h e  equa t ions  of 
motion are w r i t t e n  w i t h  respect t o  a f i x e d  or nonro ta t ing  system. 

Trans fe r r ing  the  aerodynamic matrices i n  equat ion  ( A 1 1  t o  t h e  le f t -hand  
s i d e  and combining matrices y i e l d s  t h e  r e s u l t i n g  equat ions  of  motion i n  t h e  
form : . 

c 

(A101 
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APPENDIX A 

where 

[MI = [MI 
[C] = [F] - [AD] + [e] 
[K] = [E] - [AS] 

( A 1  1 )  

The mat r ix  [M] is symmetric and p o s i t i v e  d e f i n i t e ;  [C] and LK] are nonsymmetric. 
By premul t ip ly ing  equat ion  ( A 1 0 1  through by CM1-l 

and in t roduc ing  t h e  f o u r  gene ra l i zed  v e l o c i t i e s  as a u x i l i a r y  v a r i a b l e s  by means 
of  t h e  mat r ix  i d e n t i t y  

{q} - {q} = {o} ( A 1 3 1  

equat ions  ( A 1 2 1  and ( A 1 3 1  can be combined t o  y i e l d  

0 
( A 1 4 1  

By de f in ing  

= @} ( A 1 5 1  

equat ion  ( A 1 4 1  can be w r i t t e n  i n  t h e  compact form 

{i} = w{x} ( A 1 6 1  

where t h e  d e f i n i t i o n  o f  [A] fo l lows  from equat ion  ( A 1 4 1 .  Note t h a t  t h e  f o u r  
o r i g i n a l  second-order equat ions  have been transformed t o  e i g h t  f i r s t - o r d e r  equa- 
t i o n s .  By assuming a s o l u t i o n  o f  t h e  form 

equat ion  ( A 1 6 1  reduces t o  

CAl{X0} = s{xo} ( A 1 8 1  

Equation ( A 1 8 1  is  i n  s tandard  e igenvalue  form and is  amenable t o  s o l u t i o n  by 
us ing  s tandard  e igenvalue  techniques.  

The s o l u t i o n  of  equat ion  ( A 1 8 )  leads t o  e i g h t  complex e igenvalues  sp and 

e igenvec to r s  {Xo(p,>. 
i n  f o u r  complex conjugate  p a i r s .  Only r o o t s  having p o s i t i v e  imaginary p a r t s  
need be considered s i n c e  t h e  r o o t s  having nega t ive  imaginary p a r t s  do n o t  pro- 

S ince  [A] is  real ,  t h e  e igenvalues  and e igenvec to r s  occur  
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A P P E N D I X  A 

v ide  any new l i n e a r l y  independent s o l u t i o n s .  
a p o s i t i v e  imaginary p a r t  has the  gene ra l  form 

The p t h  complex e igenvalue  having 

sp = ap + i B p  ( A 1 9 1  

and can be i n t e r p r e t e d  as 

sp = -c P P  w + impdm 
where Sp is the  damping as a f r a c t i o n  o f  c r i t i ca l  damping and wp is  t h e  
undamped coupled frequency. For Up # 0 i f  Spwp > 0 ,  the  motion is  exponen- 
t i a l l y  d ive rgen t .  By p l o t t i n g  (Sp,Wp) as a func t ion  o f  v e l o c i t y  i n  t h e  complex 
p lane ,  a concise  p i c t u r e  o f  the  v a r i a t i o n  of  system s t a b i l i t y  w i t h  airspeed can 
be e s t ab l i shed .  

The complex vec to r  a s soc ia t ed  w i t h  t h e  e igenvalue  sp can be w r i t t e n  i n  
t he  form 

The upper f o u r  e lements  {x(p’> i n  each modal vec to r  of  e ight  elements d e f i n e  
the  mode shape. S ince  these elements are complex, phase d i f f e r e n c e s  e x i s t  
between the  component harmonic motions i n  a given mode. The r e l a t i v e  amplitude 
and phasing between the  pylon p i t c h i n g  and yawing motions i n  a given mode can 
be a s c e r t a i n e d  by conver t ing  the  complex elements  o f  t h e  mode t o  po la r  form and 
then  normalizing on one o f  them. 
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Degrees of freedom 

a1 
bl 
Q, Pylon pitch rotation 

Y 
GZ Pylon yaw rotation 

Longitudinal flapping of proprotor disc 
Lateral flapping of proprotor disc 

Figure A1.- Four-degree-of-freedom mathematical model for gimbaled 
proprotor (positive directions shown). 
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-7 

-212 

0 

-213 

WHIRL FLUTTER EQUATIONS OF MOTION FOR PROPROTORS WITH HINGED BLADES 

The l inear equat ions  of motion for  t h e  wh i r l  X l u t t e r  a n a l y s i s  of p ropro to r s  
wi th  hinged b lades  are g iven  i n  reference 1 i n  t h e  matrix form 

By a r r ang ing  t h e  f o u r  degrees  of freedom i n d i c a t e d  i n  figure B1 i n  s e q u e n t i a l  
o rde r  i n  t h e  matrix {q}, t h e  square  ma t r i ces  appear ing  i n  equat ion  (B1)  (from 
appendix 5 of ref. 1 )  are given by 

TI1 + a12R2M + I p  0 I 2  0 1 

[B] = K 

CAI = 
0 

I 2  l o  
I 1  + az2R2M + I y  0 

0 13 

*2 O I3  

CDI = 

Cq,p - 2 1 ~  0 

212 0 213 

I 
(B31 



-alH3A1 

PI = 

-H2A3 

- 
0 0  

0 0  

0 0  

0 0  

0 

-H2( A3 - 

0 

0 

eS 

0 

0 

V 1 2 ( 1 1  + aI2R2M + I p )  0 

vz2(11 + az2R2M + I y )  0 

0 

0 

0 O l  

0 

0 

The n o t a t i o n  of  r e fe rence  1 is  maintained here f o r  ease of  comparison w i t h  
t h e  o r i g i n a l  work. However, s e v e r a l  a d d i t i o n a l  terms, not  given i n  r e fe rence  1 ,  
have been included here t o  r e p r e s e n t  t h e  pylon i n e r t i a  ( I p  
t ype  s t r u c t u r a l  damping f o r  the pylon and r o t o r  (C,,, Cq2, and C R ) .  Also, t o  

provide f o r  a more realist ic account of t h e  l i f t i n g  p o r t i o n  of  t he  blade,  t h e  
l i m i t s  of  i n t e g r a t i o n  i n  t h e  aerodynamic i n t e g r a l s  An and Bn were taken as 
‘71 and ‘72 (as i n  the  gimbaled propro tor  equa t ions )  r a t h e r  than  8 and 1 (as 
i n  ref. 1 ) .  

and I y )  and viscous-  

.- 

31f f l a p p i n g  is def ined  about  a l i n e  normal t o  the spanwise a x i s  of t h e  
b lade  and l y i n g  i n  the  plane of the  hub as is  customary, k inemat ic  p i t ch - f l ap  
coupl ing  appears  as t an  63. Reference 1 obta ined  s i n  63 because f l app ing  
w a s  i n c o r r e c t l y  def ined  there. as being about  the skewed f l a p p i n g  hinge. 
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The v i scous  damping c o e f f i c i e n t s  CR,  C q l y  and Cq2 appear ing  i n  [D] and 
[S] are eva lua ted  from the  express ions :  

where cg, c p ,  and cy are the  damping r a t i o s  i n  f l a p ,  p i t c h ,  and yaw, respec-  
t i v e l y ,  = 2mfp o ,  ~ y , ~  = 2 r f y t o ,  and I p y 0  and I y  are t h e  mass 
moments of i n e r t i a  o! t h e  model i n  p i t c h  and yaw w i t h  t h e  $lades locked t o  
t h e  forward f l a p p i n g  s t o p s .  

Following r e f e r e n c e  1 ,  i n t roduc ing  the  nondimensional time T = Slt i n  
equat ion  (B1 ) , and d i v i d i n g  by Q2 leads t o  

where 

q '  = S l q  

By combining m a t r i c e s  i n  equat ion  (B9), the equa t ions  of motion can be cast 
i n t o  t h e  gene ra l  form 

where 

By premul t ip ly ing  equat ion  (B1 1 ) through by CK1-l 

CKI -' [MI{q}" + CKI -' [Cl{q} + CIJ{q} = {o} 

_ _  ~ __ - ~ - -  

4The equat ions  of  reference 1 employed here are cast i n t o  s tandard  eigen- 
va lue  form by first premul t ip ly ing  the  matrix equat ion  by t h e  i n v e r s e  of 
rather than by the i n v e r s e  o f  [M] as i n  appendix A. The choice is a r b i t r a r y .  

[K] 
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and in t roduc ing  t h e  f o u r  gene ra l i zed  v e l o c i t i e s  as a u x i l i a r y  v a r i a b l e s  by means 
of t h e  matrix i d e n t i t y  

equat ions  (B13) and (B14) can be combined t o  y i e l d  

By d e f i n i n g  

(x) = (e!?] 
equat ion  (B15) can be w r i t t e n  i n  t h e  compact form 

where t h e  d e f i n i t i o n  o f  [A] f o l lows  from equat ion  ( B 1 5 ) .  S u b s t i t u t i n g  t h e  
assumed s o l u t i o n  

{x) = {XJeAT ( B 1 8 )  

i n t o  equat ion (B17) reduces equat ion  (B17) t o  

{xo} = XCAl{X0} (B19) 

or, by r ea r r ang ing ,  t o  t h e  familiar s tandard  eigenvalue form 
- 

CAI{XO} x(xo} (B20 1 

where 

So lu t ion  o f  equat ion  (B20) leads t o  e i g h t  complex e igenvalues  X p  and 

e igenvec to r s  {Xo(pj) 
p l ex  eigenvalue having a p o s i t i v e  imaginary p a r t  has  t h e  form 

which occur i n  f o u r  complex conjugate  p a i r s .  The p t h  com- 

X p  = pp + i v p  (B22 1 

and can be i n t e r p r e t e d  as 

where up is  the  undamped coupled frequency and T p  is t h e  damping as a frac- 
t i o n  o f  c r i t i c a l  damping. 
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The complex vector associated with the eigenvalue A, has the form 

where the lower four elements {X‘P’> 
define the mode shape. 
the pylon pitching and yawing motions in a given mode can be ascertained by 
converting the complex elements of the mode to polar form and then normalizing 
on one of them. 

in each modal vector of eight elements 
A s  before, the relative amplitude and phasing between 

28 
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Degrees of freedom 

q1 Pylon pitch rotation 
q2 Pylon yaw rotation 

q3 
q4 

Longitudinal flapping of proprotor disc 
Lateral flapping of proprotor disc 

Q q4 

4 q2 

Figure B1.- Four-degree-of-freedom mathematical model f o r  proprotor  with 
o f f s e t  f lapping  hinges ( p o s i t i v e  d i r e c t i o n s  shown). 
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APPENDIX C 

DETERMINATION OF EQUIVALENT HUB SPRING 

Blade F lapping  Natura l  Frequency 

Gimbaled propro tor . -  An express ion  f o r  t he  blade f l a p p i n g  n a t u r a l  f requency 
can be der ived  from the  equa t ions  of  motion developed i n  appendix A by consid- 
e r i n g  the  degenerate  case obta ined  by r e t a i n i n g  on ly  t h e  two c y c l i c  f l a p p i n g  
degrees o f  freedom of  the  propro tor  d i sc .  I f  precone and s t r u c t u r a l  damping 
are neglec ted ,  t h e  r e s u l t i n g  equa t ions  f o r  t h e  case of  a symmetric hub r e s t r a i n t  
reduce t o  

c 

Now, from r e f e r e n c e  15, t h e  f l app ing  angle  B of the  r e fe rence  blade is related 
t o  t h e  c y c l i c  f l a p p i n g  degrees of  freedom of  the  propro tor  d i s c  by 

= a 1  s i n  J, - bl  cos  J, ( c2 )  

where J, = Qt is the  azimuth ang le  o f  the  r e fe rence  b lade .  Mul t ip ly ing  equa- 
t i o n  (Cla) by s i n  J, and equat ion  (Clb)  by cos  9, s u b t r a c t i n g  t h e  second equa- 
t i o n  from the  first, and making use  o f  equat ion  ( C 2 )  and the  a d d i t i o n a l  r e l a t i o n s  

b = A I  s i n  9 - b l  cos  J, + als1 cos  3, + bls1 s i n  J, 

( C 3 )  = s i n  - SI cos  J, + 2 ~ 1 ~  cos J, + 26152 s i n  9 

- ala2 s i n  9 + b1Q2 cos  J, 

which fo l low from equat ion  (C2),  t h e  r e s u l t i n g  equat ion  can be put  i n t o  t h e  
form 

From equat ion  (C4) t h e  undamped f l app ing  n a t u r a l  f requency WB, nondimension- 
alized by the  r o t o r  r o t a t i o n a l  speed, is  given by 
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and the  aerodynamic f l a p  damping by 

I n  the  absence of hub r e s t r a i n t  and p i t ch - f l ap  coupl ing ,  t h e  blade f l app ing  
n a t u r a l  frequency i n  the  r o t a t i n g  system is equal  t o  t he  r o t a t i o n a l  speed 0; 
t ha t  is, one per  r evo lu t ion .  The use  of  hub r e s t r a i n t  i n  combination with posi-  
t i v e  or negat ive  63 
l u t i o n .  
an aerodynamic s p r i n g  which i n c r e a s e s  or dec reases  t he  frequency depending on 
whether 63 is p o s i t i v e  or negat ive .  

raises or lowers the  n a t u r a l  frequency from one per revo- 
The effect of  63  on the blade f l a p p i n g  frequency is seen  t o  be that  of 

Propro tor  wi th  o f f s e t  f l a p p i n g  hinges.-  By us ing  t h e  equa t ions  o f  motion 
given i n  appendix B f o r  a p r o p r o t o r  having hinged blades, t he  expres s ions  anal-  
ogous t o  equat ions  ( C 5 )  and (C6) can be shown t o  be 

where 

- pacR4 YE - - 
2 1 3 1 ~  

is t h e  Lock number def ined by us ing  t h e  mass moment of  i n e r t i a  of t he  b lade  
about  the  o f f s e t  f l app ing  hinge rather than about  t he  c e n t e r  l i n e  o f  t h e  s h a f t .  
By comparing equa t ions  ( C 5 )  and ( C 6 )  w i t h  equat ions  ( C 7 )  and ( C 8 1 ,  it  is seen  
t h a t  s e v e r a l  a d d i t i o n a l  terms appear f o r  the  propro tor  having noncen t r a l ly  
hinged blades.  I n  t h e  absence of f l app ing  r e s t r a i n t ,  h inge o f f s e t ,  and p i tch-  
f l a p  coupl ing ,  the  f l a p p i n g  n a t u r a l  frequency i s  one per  r evo lu t ion .  The use 
of  f l app ing  r e s t r a i n t  or hinge o f f s e t  i n  combination w i t h  p o s i t i v e  or nega t ive  
63  raises or lowers t h e  n a t u r a l  frequency from one per r evo lu t ion .  

Basis of  E s t a b l i s h i n g  Equivalence 

A gimbaled propro tor  is  e s s e n t i a l l y  a propro tor  having c e n t r a l l y  hinged 
blades.  On t h e  suppos i t i on  t h a t  an  f fequiva len t f f  hub s p r i n g  can be used t o  rep- 
r e s e n t  the  i n e r t i a l  and aerodynamic r e s t o r i n g  moment effects a s s o c i a t e d  w i t h  an 
o f f s e t  f l app ing  hinge, ana lyses  developed f o r  t h e  gimbaled propro tor  would then  
a l s o  be app l i cab le  t o  p ropro to r s  having blades w i t h  o f f s e t  f l a p p i n g  h inges ,  a t  
least  f o r  pre l iminary  design c a l c u l a t i o n s ,  An equ iva len t  hub s p r i n g  can be 
es tab l i shed  by r e q u i r i n g  t h a t  the  f l a p p i n g  n a t u r a l  frequency be preserved,  t h a t  
is, that  

- I gimbaled = WB I hinged ( C 1 0 )  
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This  requirement 

By approximating 

KH 
- z  

IRQ2 

APPENDIX C 

imp l i e s  t h a t  

63 = + ~3~ + E ( B 3  - &B2) tan 63 
I3 2 

y& by y, equat ion  (C11) leads t o  

- eS + V32 - 1 y&B2 tan 63 
I3 2 

so that the  equ iva len t  hub s p r i n g  is given by 

For a given f l app ing  hinge propro tor  conf igu ra t ion ,  and a selected r o t a t i o n a l  
speed and a i r s p e e d ,  the  equ iva len t  hub r e s t r a i n t  is e a s i l y  determined from equa- 
t i o n  (Cl3). 
determined f o r  each Q,V combination. 

It should be noted t h a t  a new equ iva len t  hub r e s t r a i n t  must be 

The equ iva len t  hub r e s t r a i n t  given by equat ion  (Cl3) was e s t a b l i s h e d  by 
r e q u i r i n g  that t h e  f l app ing  n a t u r a l  frequency be preserved whi le  r e t a i n i n g  both 
the  dynamic and aerodynamic terms i n  t h e  expres s ions  f o r  GB. An equ iva len t  
hub s p r i n g  es tab l i shed  on t h e  basis of p re se rv ing  the  in-vacuum f l a p p i n g  n a t u r a l  
f requency by d i s c a r d i n g  the  aerodynamic terms i n  equat ion  (C11) would n o t  be 
s a t i s f a c t o r y  . 
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TABLE I.- PHYSICAL PROPERTIES OF MODEL 

3.87 kg 
3.08 kg 

0.0565 kg-m2 

! 
SI U n i t s  U.S. Customary U n i t s  

0.231 (0.237)  s l u g  
0.206 s l u g  

0.0366 (0.0388) s lug - f t2  

e/R = 0.05 e/R 0.13 e/R = 0.05 e/R = 0.13 

0.0502 kg-m2 

Rotor:a 
Blade r a d i u s  . . . . . . . . 
Blade chord . . . . . . . . 
Blade mass . . . . . . . . . 
Blade s t a t i c  moment about  

f l a p p i n g  hinge . . . . . . 
Blade moment of  inertia 

about  f l a p p i n g  hinge . . . 
Distance from pylon p i t c h  

ax is  t o  r o t o r  hub . . . . 
Distance from pylon yaw 

axis t o  r o t o r  hub . . . . 
Pylon : b 9 C 

Mass effective i n  

Mass effective i n  yaw . . . 
P i t c h  inertia about  center 

of g r a v i t y  . . . . . . . . 
Yaw inertia about  c e n t e r  of 

g r a v i t y  . . . . . . . . . 
Distance from pylon p i t c h  

axis t o  pylon center o f  
g r a v i t y  . . . . . . . . . 
axis t o  pylon center of 
g r a v i t y  . . . . . . . . . 

p i t c h  . . . . . . . . . . I  

Distance from pylon yaw 

0.0253 slug-ft2 

0.744 m 
0.0902 m 
0.533 kg 

0.111 kg-• 

0.0439 kg-m2 

0.187 m 

0.168 m 

0.320 m 

0.694 (0.679) f t  

0.632 f t  

0.277 m 

3.37 (3.46)  kg 
3.01 kg 

0.0496 (0.0526 kg7m2 

0.0343 kg-m2 

0.212 (0.207) m 

0.193 m 

0.805 q 2.44 f t  
0.0902 m 0.296 f t  
0.508 kg 0.0365 s l u g  

0.106 kg-m 0.025 s l u g - f t  

0.0436 kg-m2 0.0324 s lug-f  t2 

0.320 m 1.05 f t  

0.277 m 0.91 f t  

2.64 f t  
0.296 f t  

0.0348 slug 

0.0238 s lug-f  t 

0.0322 s lug-f  t2 

1.05 f t  

0.91 f t  

0.265 s l u g  
0.211 slug 

0.04 17 slug-f t2 

0.0370 s lug-f  t2 

0.614 f t  

0.552 f t  

aBlade i n e r t i a l  p r o p e r t i e s  

bpylon iner t ia l  p r o p e r t i e s  
b lades .  

va r i ed  s l i g h t l y  from blade t o  blade.  

i nc lude  r o t o r  hub but  exclude b lades .  

Values shown are average f o r  t h e  t h r e e  

CValues i n  parentheses  reflect  changes t o  p i t c h  s p r i n g  mechanism f o r  runs  62 t o  68. 
W 
VI 



w m TABLE 11.- EXPERIMENTAL WHIRL FLUTTER RESULTS 

9 

42 

43 

44 

45 

46 

48 

e/R 

0.05 
.05 

.05 

.05 

63 9 

del3 

20 
20 

20 
20 

13 I .05, 20 5.40 ' 5.50 .024 

6 , .05: 20 , 3.76 3.82 li ,012 
8 , .05 20 3.76 3.82 .012 
12 .05 20 3.76 3.82 ~ .012 
15 .05 20 3.76 3.82 .012 

5 I .05 20 3.74 5.70 
7 .05 20 3.74 5.70 
8 .05 20 3.74 5.70 
12 .05 20 3.74 5.70 

3 .05 30 3.74 1 3.90 
4 .05 30 3.74 1 3.90 

4 .05' 30 5.64 5.54 
8 .05 30 5.64 5.54 

0.051 
.051 

.051 

.051 
,051 

.048 

.048 

n, 
Hz 

13.3 
14.0 

8.0 
1 1 . 1  
17.0 

13.9 
8.0 

,048 ~ 11.0 
.048 17.0 

.012 .046 

.012 .046 

.012 .046 

.012 ,046 

.012 .048 

.012 .048 
I 

,019 .041 
.019 .041 

10 .05 30 5.64 5.54 ' .019 .041 
1 1  .05 30 5.64 5.54 .Ol9 .041 

7 I .05 30 6.76 6.78 ,018 -021 
14 .05 30 6.76 6.78 .018 .021 
15 I .05 1 30 6.76 6.78 .018 .021 
18 ~ .05 ' 30 6.76 6.78 .018 ,021 

8.0 
11.0 

0.444 0.462 0.78 0.42 + 
.422 .439 , .75 .39 I + 

, 
.712 1 .729 1 1.22 ~ .66 + 
.513, ,525 ~ .88 .50 + 
.335 I .343 1 .60 .34 + 

.285 .292 .56 .29 , + 

.496 .507 .76 .50 + 

.361 .368 .60 .36 + 

.233 ,238 .44 .24 + 

.496 .760 1.12 ,211 - 

.360 I .551 ' .81 .24 - 
14.0 I .281 ~ .430 I .56 .23 - 
16.8 .235 .359 .47 .20 - 
8.0 ' .490 ' .513 .56 .56 + 
10.8 .365 ' .383 .40 .41 ' + 

8.0 , ,748 .739 .78 I .77 + 
10.9 .545 I .538 .55 .56 + 
13.8 .431 .425 .41 .46 + 

I I 

15.8 .377 .372 -38 .40 1 + 

10.9 .654 .659 .64 .70 , + 
14.0 .511 ' .515. .50 .54 + 
17.0 .421 .424 .40 .46 ' + 
10.8 .660 ,666 ,! .66 .70 + 

9 .05 ' 6.75 6.76 6.78 ,013 .037 10.9 .363 .361 I .82 .28 + 
1 1  .05 I 6.75 6.76 6.78 I .013 .037 13.8 .286 -286 I .59 .23 - 

I 15 I .05 6.75 6.76 6.78 , .013 .037 16.9 .235 .234 .51 .I8 , - 

1.47 

1.48 

2.11 73 
1.24 90 
1.27 76 
1.78 65 

.58 -54 

.35 -99 

.19 -72 

.24 -60 

1.36 65 
1.76 61 

1.36 87 
1.34 86 
1.43 81 
1.32 94 

2.05 68 
1.96 68 
1.97 97 
1.95 75 

1.02 83 
1.24 -61 

I 2.06 I -69 



TABLE 11. - Continued 

5.30 

W 
4 

4.65 

Run Poin t  e/R 63, f p , o ,  fy,o, 2Sp 
I deg Hz Hz 

50 

51 

52 

53 

54 

55 

56 

57 

58 

60 

- 

1 1  

14 
22 

9 

9 
12 
17 
19 

7 

13 
15 

2 
3 
7 

14 
15 
17 
18 

8 
12 
15 

4 
6 
8 

.13 

.13 

.13 

.13 

.13 

.13 

.13 

.13 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

6.75 

20 
20 

20 

20 
20 
20 
20 

10.5 

20 
20 

20 
20 
20 

20 
20 
20 
20 

20 
20 
20 

20 
20 
20 

5.30 

3.72 
3.72 
3.72 
3.72 

3.72 

3.70 
3.70 

3.75 
3.75 
3.75 

3.72 
3.72 
3.72 
3.72 

3.72 
3.72 
3.72 

5.48 
5.48 
5.48 

4.65 

3.56 
3.56 
3.56 
3.56 

3.52 

3.58 
3.58 

3.56 
3.56 
3.56 

3.82 
3.82 
3.82 
3.82 

5.60 
5.60 
5.60 

5.44 
5.44 
5.44 

0.005 

.011 

.011 

.027 

.009 

.009 

.009 

.009 

.013 

,013 
.013 

.013 

.013 

.013 

.008 

.008 

.008 

.008 

.008 

.008 

.008 

.010 
,010 
.010 

0.049 

.055 

.055 

.088 

.034 

.034 

.034 

.034 

.040 

.040 

.040 

,037 
.037 
.037 

.031 

.031 

.031 

* 

.031 

.061 

.061 

.061 

.049 

.049 

.049 

n ,  
Hz 

16.9 

10.8 
14.1 

16.6 

10.9 
13.9 
16.8 
7.8 

8.0 

11.1 
13.8 

10.9 
13.2 
8.0 

8.0 
10.1 
14.2 
15.2 

8.0 
11.1 
14.2 

11.0 
14.0 
16.9 

Up/R 

0.347 

.518 

.397 

.335 

.360 

.283 

.234 

.506 

.4lO 

.351 

.283 

.363 

.300 

.495 

.490 

.353 

.276 

.257 

.487 

.353 

.276 

.525 

.412 

.342 

Uy/Q 

0.336 

.456 

.350 

.296 

.347 

.271 

.225 

.486 

,466 

.341 

.274 

.347 

.286 

.472 

,507 
.365 
.285 
.265 

.727 

.527 

.412 

.524 

.411 

.341 

0.74 

.92. 

.72 

.65 

.73 

.60 

.50 

.92 

1.01 

.42 

.34 

.38 

.34 

.53 

.68 

.44 

.34+ 

.34- 

1.08 
.79 
.55 

.61 

.46 

.36 

0.28 

.21 

.16 

.13 

.16 

.12 

.10 

.22 

.19 

38 
.30 

.38 

.31 

.51 

.50 

.37 

.30 

.27 

.23 
23 
.22 

.54 

.42 

.37 

Whirl 

1.07 i 80 

' NA 
NA 

2.01 

NA 
NA 
NA 
NA 

NA 

.68 1 .50 

.66 

.96 

.65 

.75 

.82 
-73 
.67 

.28 

.19 

.15 

.46 

.45 

.53 

NA 
NA I 

-76 I 

I 

NA I 
NA 
NA 
NA 

NA 

98 
81 

87 
75 
101 

64 
63 
63 
95 

-87 
-88 
-60 

86 
97 
75 



w 
0 3 .  

VF/S~R 

1.13 
.76 
.56 
.46 

1.07 
.81 
.66 
1.36 

TABLE 11.- Concluded 

WF/P 

0.68 
.51 
.42 
.35 

.64 

.50 

.44 

.78 

R u n  Point 

62 5 
9 
10 
1 1  

i 63 12 
I I 13 

C I 20 
I 27 
~ 

- 

63 * 
del3 

- 
20 
20 
20 
20 

20 
20 
20 
20 

20 
20 
20 
20 

20 
20 
20 

e/R 

0.05 
.05 
.05 
.05 

.05 

.05 

.05 

.05 

0.034 
.034 
.034 
.034 

fP,o* 
Hz 

8.1 0.704 
11.2 .508 
14.1 .404 
17.3 .329 

5.40 
5.40 
5.40 
5.40 

7.06 
7.06 
7.06 
7.06 

4.00 
4.00 
4.00 
4.00 

4.60 
4.60 
4.60 
4.60 

.034 

.034 
,034 
.034 

fY,o, 
Hz 

11.2 .664 
14.2 .526 
17.4 .429 
9.0, .827 

5.68 
5.68 
5.68 
5.68 

7.40 
7.40 
7.40 
7.40 

3.96 
3.96 
3.96 
3.96 

3.96 
3.96 
3.96 
3.96 

, i 1; 

' 65 15 

0.017 
.017 
.017 
.017 

.022 
,022 
.022 
.022 

.024 

.024 
.05 
.05 

.05 

q-qz Hz 

67 

21 .05 20 

1 1  .05 20 
13 I .05 ~ 20 14.2 

17.2 

11.1 
14.2 
16.6 

I 

.044 1 8.2 ! .517 

.044 I 11.2 .377 

,300 
.247 

.641 
,503 
.429 

.024 .044 14.2 1 .298 
,024 I .044 , 15.2 i .278 

I ' 
.024 I .044 1 8.2 1 .592 
.024 ~ ,044 j 11.1 j .437 
.024 1 .044 , 14.3 .341 
.024 .044 I 17.2 ' .282 

4.60 ! 3.96 .024 ~ .044 

4.04 15.8 .032 .044 
4.04 15.8 .032 .044 
4.04 15.8 .032 .044 

4.04 , 7.55 .024 .039 
4.04 ' 7.55 ,024 .039 

1 16 1 .05 20 '4.04 7.55 .024 I .039 
I I 

~ 68 6 .05 20 ' 6.75 3.66 .021 .065 
12 .05 20 6.75 3.66 ,021 ~ .065 

1 1 18 ' .05 I20 6.75 i 3.66 1 .021 i ,065 

Jy /52 

1.743 
.537 
.427 
.348 

.700 

.554 

.452 

.871 

,514 
.375 
.297 
.277 

.512 

.378 

.294 
,244 
,246 

.67 I .53 4 + 

.46 I .40 + 

.36 .32 + 

.35 ~ .?I + 
I 

1.06 1 .50 + 

.61 .29 + 

.50 .26 + 

.54 .24 , + 

.75 ' .36 + 

I 
i 2.04 1.23 .27 - 

1.18 I .62 , I .24 - 
.718 .87 .24 - 
.564, .61 .23 - 
.464 I I .50 .2O - 
.350 ~ .78 I .21 I - 
-273 .60 i .20 j - 
.233 I .52 1 .17, - 

1.50 1 .87 ' .25 - 

1 I 

1 N A .  NA ' 

'1 .52 r j 83 I 

~ .67 65 , 
.63 90 ~ ' .58 ! 65 I , 
.61 ! 104 ' 

.62 I 65 

.60 72 
, .60 79 , 

I NA NA 
' NA NA 

NA NA 
NA NA 

1 NA I NA 

I 

! NA 1 NA i 
NA NA 
NA' NA 

.07 -43 

.06 -61 

.08 -39 , 
i 

4.75 -97 
7.28 -112 
15.35 -93 



TABLE 111.- ANALYTICAL WHIRL FLUTTER RESULTS 

8 ; ,496 ,507 
12 ,361 .368 
15 .233 .238 

Theory ( r e f .  15) Theory ( r e f .  1 )  I 

1.05 
1.06 

1.23 
1.28 
1.27 
1.23 

' 27 .422 ,440 

104 
105 

109 
113 
113 
109 

41 ~ 6 .712 .730 
, 9  .513 .526 
' 13 i -335 -343 I 

105 

1 1 1  
118 
116 

40 26 0.444 0.463 0.76 0.44 + 
.72 .42 + 

1.26 .68 + 
.86 , .50 + 
.52 .34 ~ + 

.378 .374 .31 

.659 .661 .63 

.515 .516 .43 

.424. .425 .29 

. .42 

.72 

.57 

.47 

45 ~ 4 1 .749 

.377 

.656 
14 .513 
15 ,422 
18 .662 

+ 

+ 
+ 
+ 

.739 

.539 
,426 
.372 

.658 
;514 
.423 
.664 

.42 ' 

.78 

.54 

.35 

1.1 1  
.70 
.45 
.36 

.62 

.42 

.30 I + 

.49 ' + 

.37 + 

.25 + 

.29 - 

.28 - 

.26 - 

.22 - 

.53 + 
,110 I + 

.86 ,' .79 

.54 .58 

.37 , .47 

1.32 110 0.446 0.465 0.75 0.45 + 
1.33 109 .424 ,441 .70 .43 + 

1.10 102 ."I5 .733 1.24 .70 + 
1.16 105 .515 .528 .85 .52 , + 
1.32 109 .336 ,345 .52 .35 + 

1.36 114 .288 .293 ,111 .31 + 
1.15 109 .498 .509 .77 .50 + 
1.28 112 .362 .370 .52 .38 + 
1.39 112 .234 .239 .35 .26 + 

.23 -106 .498 .764 1.09 .28 - 

.I5 -103 .361 .554 .72 .27 - 

.IO -118 .282 .432 .48 .25 - 

.09 -119 .236 .362 .40 .21 - 
1.33 
1.46 

.99 
1.02 
1.04 
1.05 

1.25 
1.30 
1.34 
1.23 

122 .492 .516 .61 
122 .367 .385 .42 



TABLE 111.- Continued 

Run Point 

Theory (ref. 15) 

48 1 9 ~ 0.363 

1 1  .287 

15 ,236 

0.362 

.286 

.235 

50 1 1  ,347 .330 

0.73. 
.85 
.50 

I I Whirl 

, 0.29 - 
.27 + 
.26 1 - 

.66 ' .22 

51 14 .516 .455 .93 .23 ' - 
22 .395 '.348 .75 .18 1 

+ 

52 9 .335 ,295 .67 .I5 - 

I Og9 

I .83 
1 .87 
1 .81 

53 9 .359 .345 , .72 .18 - 
12 .281 .271 , .60 , .14 - 
17 .233 .224 .52 .11 - 
19 .505 .485 .95 .24 ' - 

loo 

89 
92 
84 

I 
54 7 -489 ,465 1.07 .I9 I - 

' .94 ' 102 .284 .276 

.77 87 .364 ,348 

.79 91 .301 .287 

.77 82 .496 .474 

55 ' 13 .352 .342 .41 .37 + 
'I -1 15 1 .283 .275 I .33 i .30 1 + I 

1 .33 .31 

.39 .39 

.33 .32 

.61 .51 

I I 

56 '1 2 ~ .363 
3 .300 

., 7 .495 

.347 

.286 

.472 

Theory (ref. 1)  I 

.41 

.33 

.65 

0.364 0.364 0.75 0.27 - 
.28 + 

.288 .287, :85: 1 .24 - 
' .65 .23 + 

.236 .236 .45 I -21 - 
.55 .19 + 

.38 + 

.32 + 

.50 + 

2.36 -125 ' .348 .331 .71 ,211 - 
.47 116 . .73 .29 + 

' 1.79 -103 .518 .457 .86 .24 - 
1.84 -108 , .396 -350 .69 .19 , - 
1.81 -112 .336 .296 .62 ,16 - I 

1.37 , -104 .360 .346 .66 .19 
1.38 I -105 .282 .272 .55 .14 
1.36 -105, ,234 .225 .48 .l l  
1.31 -100 .506 .487 .87 .25 

1.52 -110 .490 .467 1.01 ' .21 

+ 
+ 

+ 
+ 
+ 

1.20 104 



TABLE 111.- Continued 

1.75 115 

1.31 110 
1.41 112 

1.27 109 

1.05 98 
1.10 102 
1.16 104 
1.17 104 

1.52 ~ 104 

Theory (ref. 15) Theory (ref. 1) 

.330 

.666 

.528 

,830 

.518 

.378 
,299 
.279 

.431 

57 14 0.491 0.507 0.74 0.50 + 
15 .354 .365 .50 .37 + 
17 ,276 .285 .38 .30 + 
18 .257, .266 .36 .28 + 

58 8 .488 ,738 1.09 .28 - 
12 .354 .535, .67 .29 - 
15 .276 ,419 -44 .26 - 

I , 
60 4 ~ .526 ,525 ' .78 ' .52 + 

6 .413 .412 
8 ,342 .342 

i 62 5 .703 .744 
9 .509 ,538 
IO 8 .404 
1 1  .329 

.664 

.526 

.429 

.828 

,517 
.377 
.298 
,279 

.427 

.348 

.700 
,555 
.452 
.872 

.514 

.375 

.297 
,277 

.57 .42 + 

.46 .36 + 

1.26 , .70, + 
.87 .51 , + 
.66 
.51 

1.18 
.90 
.70 
1.50 

.80 

.53 

.41 

.38 

,111 
.35 

.65 

.52 

.44 

.81 

.52 

.39 

.31 

.29 

+ 
+ 

+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 

1.38 116 0.492 0.509 0.72 0.51 + 
1.52 116 .355 .367, ,118 .38 + 
1.62 116 .277 .286, .38 .30 + 
1.60 114 ,258 .267 .36 .28 + 

.24 -108 ' .489 ,741 1.07 .27 - 
-14 -116 ,355 .538 .70 .28 - 
.10 -120 ,277 -48 .24 - 
.99 , 102 1 .527 :::: .76 ;54 + 
1.04 108 1 ,414 .414 
1.09 110 .343 .343 

.747 

.540 
,429 
.350 

.703 

.557 

.454 

.876 

,517 
.377 
.298 
.279 

.56 .43 + 

.45 I .36 + 

1.24 " .70 ,, + 
.85 
.66 
.51 

1.16 
.88 
.69 
1.48 

.78 

.52 

.41 

.38 

.52 

.42 

.36 

.67 

.54 

.45 

.82 

.52 

.39 

.32 

.30 

+ 
+ 
+ 

+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 

1.33 114 
1.46 116 
1.46 113 
1.45 113 

-25 -99 
.I8 -112 
,111 -116 

1.01 
1.06 
1 .og 

1.30 
1.42 
1.53 
1.65 

1.31 
1.38 
1.48 
1.26 

1.06 
1.10 
1.15 
1.16 - 

103 
107 
109 

112 
113 
113 
115 

110 
1 1 1  
1 1 1  
109 

97 
98 
102 
103 - 



TABLE 111.- Concluded 

Theory ( re f .  15) Theory ( r e f .  1) 

Whirl  Whirl 

+ or - AF '$E', + or - AF +F,  
del3 de43 

wp/Q wy/Q VF/QR WF/Q wp/Q wy/Q VF/SLR WF/Q 

0.592 0.512 1.07 0.52 0.59 73 0.594 0.515 1.04 0.54 + , + 
11 1.09 'I .27 1 - I 2.00 I -89 

31 ' ,339 

0.62 65 , 
'1 1.06 I .26 I - 1 1.95 I -89 

36 .282 

66 1 14 
18 

I 

I 1 21 

i 1 .77 .26 I - 2.30 11 -87 
.294 .48 .33 ' + '1 .47 1 69 

.244 .38 .28 + .44 69 
.56 .23 , - 2.57 i -87 

,520 
.381 
,300 

39 , .284 

.79 

.56 

.79 

.56 

.44 

.2e - 
*25 1 - 
-28 - 
-25 ' - 
.22 - 

.45 j .20 - ' 2.67 ! -91 
.246 .38 , .28 ' + .44 1 68 

i .46 .21 I - : 2.67 

2.044 ~ 1.19 ' . 3 0 ,  - ' .02 

,718 .78 ' .27 - ' .09 

1.497 .78 ' .29 ' - ' .02 
.01 

I i 1.181 1 .54 j .26 1 - 

.564 .53 .26 - .06 

.464 .40 .22 - .06 

-350 -72 .25 - 11.8 
I 12 I .503 .274 .54 I .22 I - 114.0 
I I 18 .429 .234 .45 I .20 ~ - 114.9 

-90 

-108 
-111 
-1 12 

-105 
-1 12 
-105 

' .76 .26 - .439 ,380 1 .69 1 .42 4 + 

.340 1 .295 I .47 1 .34 ' + .53 , 68 

,283 I .245 .38 .29 + .56 71 
I I .47 .20 - 2.33 -93 

.285 .247 1 .38 I .29 + .56 71 
.47 .20 - 2.33 -93 

.57 .22 - 2.30 -90 

,522 
.382 
,301 

.384 

.301 
,248 

-84 ; .644 
-86 1 ,504 
-89 I .430 

2.053 
1.503 
1.186 

.722 
,567 
.466 

,351 
.275 
.235 

.02 -102 
, .02 -107 
' .01 -110 

.10 i -107 ! 

.08 -110 

.08 -111 

, 10.2 -86 . '  

,12.9 -90 



L-7 1-3.504.1 
Figure 1.- Overall  view of wh i r l  f l u t t e r  model with 5-percent hinge o f f s e t  

i n  Langley t ransonic  dynamics tunnel .  
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Figure 2.- Details of wing spar cons t ruc t ion .  



L-71-3503.1 
Figure 3 . -  Close-up view of model pylon with 5-percent hinge o f f s e t .  



I r Flapping hinge 7 Spacer 

F igure  4 . -  Hub and c o n t r o l  system geometry. Figure is  no t  t o  scale 
and p i t c h  horn is i n  plane of hub. 63 tan-’ ( d l / d 2 ) .  
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L-7 1-3541 
Figure 5.- Overall view of model w i t h  13-percent hinge offset .  



.. L-71-351’.10.1 
Figure 6.- Close-up view of model pylon with 13-percent hinge offset. 



E 
E 

a- 
U 
3 c .- - 
n 
E a 

100 
90 
80 
70 
60 

50 

40 

30 

20 

10 
9 -  
8 -  
7 -  
6 -  

4 -  

1 

- 
- 
- 
- 
- 
- 

- 

- 

- 

- 

5 -  

3 -  

2 -  

0 

Run 48 

0 Pitch 

A Yaw 

I 1 1 1 I I I 
4 8 12 16 20 24 28 

Cycles of oscillation 

Figure 7.- Typica l  p l o t s  showing decay of free o s c i l l a t i o n .  
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